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Abstract 
Magnesium (Mg) alloys are attractive for light-weight applications such as in the aerospace 
and automobile industries, due to their high strength-to-weight ratio. The widespread 
application of Mg alloys in automobiles can decrease fuel consumption through light-
weighting, which benefits our environment. Mg alloys are also regarded as promising 
biodegradable implants for use in the human body. However, the poor resistance of 
corrosion and stress corrosion cracking (SCC) limits their more wide-spread application in 
both industry and medical application. It is therefore necessary to better understand the 
mechanisms and the important factors, which control Mg corrosion and SCC, and to find 
better ways to improve their corrosion and SCC performance. In this doctoral dissertation, 
an effort was made to understanding the following issues regarding the corrosion and SCC 
mechanisms, and behaviour of pure magnesium and magnesium alloys: 
(1) The corrosion behaviour of ultra-high-purity Mg in 3.5% NaCl solution saturated 
with Mg(OH)2 
(2) The corrosion behaviour of as-cast and solution-heat-treated binary Mg-X alloys in 
salt spray and 3.5% NaCl solution saturated with Mg(OH)2 
(3) Influence of hot rolling on the corrosion behaviour of several Mg-X alloys 
(4) The influence of casting porosity on the corrosion behaviour of Mg0.1Si 
(5) Stress corrosion cracking of several solution heat-treated Mg-X alloys 
(6) Stress corrosion cracking of several hot-rolled Mg-X alloys 
A range of advanced techniques were employed such as optical microscopy (OM), 
scanning electronic microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), 
electrochemical polarization, electrochemical impedance spectroscopy (EIS), gas 
collection of hydrogen evolution from corroding samples, and linearly increasing stress 
testing (LIST). 
For the ultra-high-purity Mg in 3.5% NaCl solution saturated with Mg(OH)2, the intrinsic 
corrosion rate measured with weight loss, PW = 0.25 ± 0.07 mm y
-1. The average corrosion 
rate measured from hydrogen evolution, PAH, was lower than that measured with weight 
loss, PW, attributed to dissolution of some hydrogen in the Mg specimen. The amount of 
dissolution under electrochemical control was a small amount of the total dissolution. A 
new hydride dissolution mechanism was suggested. 
For solution-heat-treated Mg–X alloys (X = Mn, Sn, Ca, Zn, Al, Zr, Si, Sr), corrosion rates 
did not meet the expectation that they should be equal to or lower than those of high-purity 
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Mg. There was circumstantial evidence that the higher corrosion rates were caused by the 
particles in the microstructure; the second phases had been dissolved.  
For the hot-rolled Mg–X alloys (X = Gd, Ca, Al, Mn, Sn, Sr, Nd, La, Ce, Zr or Si) in 3.5% 
NaCl solution saturated with Mg(OH)2, the corrosion rate for all Mg–X alloys (except 
Mg0.1Zr and Mg0.3Si) decreased after hot rolling, attributed to fine-grained alloys having a 
more homogeneous microstructure, and fewer, smaller second-phase particles. For 
Mg0.1Zr and Mg0.3Si, the corrosion rate increased after hot rolling. There were a number 
of possible reasons, one of which was a greater sensitivity to the precipitation of 
deleterious Fe-rich particles. 
The influence of casting porosity on the corrosion behaviour of Mg0.1Si was studied. 
Specimens with porosity had higher corrosion rates attributed to the corrosion associated 
with the pores activating significant corrosion over the whole specimen surface, wherein 
important aspects were (i) the breakdown of a partly protective surface film, and (ii) micro-
galvanic acceleration of the corrosion by Fe-rich particles. 
For SCC behaviour of solution-heat-treated Mg0.1Zr, Mg1Mn, Mg0.1Sr, Mg0.3Si, Mg5Sn, 
Mg5Zn and Mg0.3Ca in distilled water (DW), SCC susceptibility was related to the stress 
rate for all the Mg-X alloys except for Mg0.1Sr. In DW, Mg5Zn and Mg0.3Ca suffered the 
most serious trans-granular SCC. Some specimens tested in DW preferred to crack at 
solute atoms, second phase particles, grain boundaries and defects, attributed to H 
trapping. It was confirmed that hydrogen atom played a significant role in the SCC 
behaviour of Mg alloys. 
For SCC behaviour of hot rolled Mg0.1Zr, Mg0.1Sr, Mg1Mn, Mg0.3Si, Mg5Sn, Mg0.7La, 
Mg0.9Ce, Mg0.6Nd, Mg6Al, Mg5Gd and Mg0.3Ca, all the alloys (except for Mg1Mn and 
Mg0.7La) had good SCC resistance in DW, and the hot-rolled Mg1Mn and Mg0.7La had 
acceptable SCC resistance. The increase of SCC resistance by hot rolling was related to 
improvement of the microstructure. There was no obvious difference of the fractography 
between the specimens tested in air and in DW for each hot rolled Mg-X. They all cracked 
through trans-granular cracking, presenting either smooth trans-granular feature or rough 
trans-granular feature, as a combination result of tensile stress and shear stress. 
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with Mg(OH)2 for 14 days at 25 ± 2 °C 
 
19(90) 
Fig. 12 Instantaneous corrosion rate PH during immersion of specimens from 
ingot B at the open circuit potential (OCP) in 3.5% NaCl solution 
saturated with Mg(OH)2 for 14 days at 25 ± 2 °C. 
 
19(90) 
Fig. 13 EIS Nyquist plots during the immersion at the OCP in 3.5% NaCl 
solution saturated with Mg(OH)2 for 14 days at 25 ± 2 °C of the UP 
Mg plug-in specimens of ingot B: (a) B1, (b) B2, and (c) B3. 
 
20(91) 
Fig. 14 Cathodic polarisation curves for the UP Mg plug-in specimens of ingot 
B at the end of the 14 day immersion at the OCP in 3.5% NaCl 
solution saturated with Mg(OH)2 at 25 ± 2 °C. 
 
22(93) 
Fig. 15 Instantaneous corrosion rate PH and Pi,EIS during immersion of 
specimens from ingot B at the open circuit potential (OCP) in 3.5% 
NaCl solution saturated with Mg(OH)2 for 14 days at 25 ± 2 °C. Full 
symbols pertain to PH, whereas open symbols pertain to Pi,EIS. 
 
22(93) 
Fig. 16 The corrosion rates PAH, PH, Pi and Pi,EIS plotted against the corrosion 
rate PW for the UP Mg specimens from ingot A and ingot B immersed 
at the OCP in 3.5% NaCl solution saturated with Mg(OH)2 for 14 days 
at 25 ± 2 °C. PH, Pi and Pi,EIS pertain to the 14th day of the immersion 
test and are instantaneous corrosion rates. PW and PAH are average 
values over the whole duration of the test. PH, Pi, Pi,EIS, PW and PAH are 
average over the whole specimen. The line drawn on the figure is a 
guide to the eye and indicates the condition for equality. All the data 
should be on this line if all the measures of corrosion rate measured 
the same quantity. Full symbols pertain to specimens from ingot A, 
open symbols pertain to specimens from ingot B. 
 
22(93) 
Fig. 17 Hydrogen evolution volume during immersion of specimens from ingot 
B at the open circuit potential (OCP) in 3.5% NaCl solution saturated 
with Mg(OH)2 for 14 days at 25 ± 2 °C. 
 
22(93) 
Fig. 18 Instantaneous corrosion rate PH during during immersion of 
specimens from ingot B at the open circuit potential (OCP) in 3.5% 
NaCl solution saturated with Mg(OH)2 for 14 days at 25 ± 2 °C. 
 
23(94) 
Fig. 19 Surface appearance before immersion test for UP Mg of ingot B. 
 
23(94) 
Fig. 20 Surface appearance after immersion at the open circuit potential 
(OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 14 days at 
25 ± 2 °C and after removal of corrosion products for the following 
specimens from ingot B: (a), (b), (c) B1; (d) B2; (e) B3; and (f) B4. 
24(95) 
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Fig. 21 Surface appearance after immersion at the open circuit potential 
(OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 14 days at 
25 ± 2 °C and after removal of corrosion products for the specimen 
B1a. 
 
24(95) 
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saturated with Mg(OH)2 of as-cast and solution heat-treated 
binary Mg–X alloys: X = Mn, Sn, Ca, Zn, Al, Zr, Si, Sr 
 
29 
Fig. 1 Microstructures of (a) to (h) as-cast Mg-X alloys, and (i) to (p) 
solution heat-treated Mg-X alloys. As-cast Mg1Mn, Mg0.3Ca, 
Mg0.1Zr, and Mg0.1Sr contained isolated particles of second phase. 
The second phase was distributed homogeneously in as-cast Mg6Al 
and Mg5Zn, whereas the second phase was along dendrite boundaries 
for as-cast Mg5Sn and Mg0.3Si. Solution heat-treated Mg-X alloys 
contained no second phase particles, although there were some 
particles present in the microstructure. 
38(67) 
Fig. 2(a) Hydrogen evolution volume during immersion testing in 3.5 % NaCl 
solution saturated with Mg(OH)2 for 7 days at 25 ± 2 °C for as-cast 
HP Mg, and as-cast Mg-X alloys: Mg0.3Ca, Mg1Mn, Mg0.1Sr, and 
Mg6Al. 
 
42(71) 
Fig. 2(b) Hydrogen evolution volume during immersion testing in 3.5 % NaCl 
solution saturated with Mg(OH)2 for 7 days at 25 ± 2 °C for as-cast 
HP Mg, and as-cast Mg-X alloys: Mg5Sn, Mg0.3Si, Mg5Zn, and 
Mg0.1Zr. 
 
42(71) 
Fig. 3(a) Corrosion rate PH during immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C for as-cast HP Mg, 
and as-cast Mg-X alloys: Mg0.3Ca, Mg1Mn, Mg0.1Sr, and Mg6Al. 
 
42(71) 
Fig. 3(b) Corrosion rate PH during immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C for as-cast HP Mg, 
and as-cast Mg-X alloys: Mg5Sn, Mg0.3Si, Mg5Zn, and Mg0.1Zr. 
 
42(71) 
Fig. 4(a) Hydrogen evolution volume during immersion testing in 3.5 % NaCl 
solution saturated with Mg(OH)2 for 7 days at 25 ± 2 °C for as-cast 
HP Mg, and solution heat-treated Mg-X alloys: Mg1Mn, Mg5Sn, 
Mg0.3Ca, and Mg5Zn. 
 
43(72) 
Fig. 4(b) Hydrogen evolution volume during immersion testing in 3.5 % NaCl 
solution saturated with Mg(OH)2 for 7 days at 25 ± 2 °C for as-cast 
HP Mg, and solution heat-treated Mg-X alloys: Mg6Al, Mg0.1Zr, 
Mg0.3Si, and Mg0.1Sr. 
 
43(72) 
Fig. 5(a) Corrosion rate PH during immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C for as-cast HP Mg, 
and solution heat-treated Mg-X alloys: Mg1Mn, Mg5Sn, Mg0.3Ca, and 
Mg5Zn. 
 
43(72) 
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Fig. 5(b) Corrosion rate PH during immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C for as-cast HP Mg, 
and solution heat-treated Mg-X alloys: Mg6Al, Mg0.1Zr, Mg0.3Si, and 
Mg0.1Sr. 
 
43(72) 
Fig. 6 EIS data fitting model of the first type: (a) Nyquist plot for solution 
heat-treated Mg1Mn during the first day during immersion testing in 
3.5 % NaCl solution saturated with Mg(OH)2 at 25 ± 2 °C. HF = high 
frequency range; LF = low frequency range; CP = capacitive loop; (b) 
equivalent circuit; (c) physical model. 
 
44(73) 
Fig. 7 EIS data fitting of the second type: (a) Nyquist plot for solution heat-
treated Mg0.3Ca during the 6
th
 day during immersion testing in 3.5 % 
NaCl solution saturated with Mg(OH)2 at 25 ± 2 °C. HF = high 
frequency range; MF = middle frequency range; LF = low frequency 
range; CP = capacitive loop; IP = inductive loop; (b) Equivalent 
circuit model; (c) Physical model. 
 
44(73) 
Fig. 8 EIS curves during immersion testing in 3.5 % NaCl solution saturated 
with Mg(OH)2 for 7 days at 25 ± 2 °C for as-cast Mg-X alloys: (a) 
Mg1Mn, (b) Mg0.1Zr. 
 
46(75) 
Fig. 9 EIS curves during immersion testing in 3.5 % NaCl solution saturated 
with Mg(OH)2 for 7 days at 25 ± 2 °C for solution heat-treated Mg-X 
alloys: (a) Mg1Mn, (b) Mg5Sn, (c) Mg0.3Ca, and (d) Mg6Al. 
 
46(75) 
Fig. 10(a) Cathodic polarisation measured during the seventh day during 
immersion testing in 3.5 % NaCl solution saturated with Mg(OH)2 for 
7 days at 25 ± 2 °C for as-cast HP Mg and as-cast Mg-X alloys: 
Mg0.3Ca, Mg1Mn, Mg0.1Sr, and Mg6Al. 
47(76) 
Fig. 10(b) Cathodic polarisation measured during the seventh day during 
immersion testing in 3.5 % NaCl solution saturated with Mg(OH)2 for 
7 days at 25 ± 2 °C for as-cast HP Mg and as-cast Mg-X alloys: 
Mg5Sn, Mg0.3Si, Mg5Zn, and Mg0.1Zr. 
 
47(76) 
Fig. 10(c) Cathodic polarisation measured during the seventh day during 
immersion testing in 3.5 % NaCl solution saturated with Mg(OH)2 for 
7 days at 25 ± 2 °C for as-cast HP-Mg and solution heat-treated Mg-X 
alloys: Mg1Mn, Mg5Sn, Mg0.3Ca, and Mg5Zn. 
47(76) 
Fig. 10(d) Cathodic polarisation measured during the seventh day during 
immersion testing in 3.5 % NaCl solution saturated with Mg(OH)2 for 
7 days at 25 ± 2 °C for as cast HP Mg, and solution treated Mg-X 
alloys: Mg6Al, Mg0.1Zr, Mg0.3Si, and Mg0.1Sr. 
 
47(76) 
Fig. 11(a) Comparison of the corrosion rates evaluated from weight loss, 
hydrogen evolution. and the corrosion current density from cathodic 
polarisation curves and EIS, during immersion testing in 3.5 % NaCl 
solution saturated with Mg(OH)2 for 7 days at 25 ± 2 °C for as-cast 
HP Mg and as-cast Mg-X alloys: Mg0.3Ca,Mg1Mn, Mg0.1Sr, Mg6Al, 
Mg5Sn,Mg0.3Si, Mg5Zn, and Mg0.1Zr. 
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Fig. 11(b) Comparison of the corrosion rates evaluated from weight loss, 
hydrogen evolution. and the corrosion current density from cathodic 
polarisation curves and EIS, during immersion testing in 3.5 % NaCl 
solution saturated with Mg(OH)2 for 7 days at 25 ± 2 °C for as-cast 
HP Mg and  and solution heat-treated Mg-X alloys: Mg1Mn, Mg5Sn, 
Mg0.3Ca, Mg5Zn, Mg6Al, Mg0.1Zr, Mg0.3Si, and Mg0.1Sr 
49(78) 
Fig. 12(a) Comparison of corrosion rates, PH  and Pi,EIS, during immersion testing 
in 3.5 % NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 °C 
for as cast-HP Mg and as-cast Mg-X alloys: Mg0.3Ca, Mg1Mn, 
Mg0.1Sr and Mg6Al. 
 
50(79) 
Fig. 12(b) Comparison of corrosion rates, PH  and Pi,EIS, during immersion testing 
in 3.5 % NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 °C 
for as-cast HP Mg and as-cast Mg-X alloys: Mg5Sn, Mg0.3Si, Mg5Zn 
and Mg0.1Zr. 
 
50(79) 
Fig. 12(c) Comparison of corrosion rates, PH  and Pi,EIS, during immersion testing 
in 3.5 % NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 °C 
for as-cast HP Mg and solution heat-treated Mg-X alloys: Mg1Mn, 
Mg5Sn, Mg0.3Ca and Mg5Zn. 
 
50(79) 
Fig. 12(d) Comparison of corrosion rates, PH  and Pi,EIS, during immersion testing 
in 3.5 % NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 °C 
for as-cast HP Mg and solution heat-treated Mg-X alloys: Mg6Al, 
Mg0.1Zr, Mg0.3Si and Mg0.1Sr. 
 
50(79) 
Fig. 13(a) Comparison of the corrosion rates evaluated from weight loss and 
hydrogen evolution rate during immersion testing in 3.5 % NaCl 
solution saturated with Mg(OH)2 for 7 days at 25 ± 2 °C for as-cast 
HP Mg and as-cast Mg-X alloys: Mg0.3Ca, Mg1Mn, Mg0.1Sr, Mg6Al, 
Mg5Sn, Mg0.3Si, Mg5Zn and Mg0.1Zr. 
 
51(80) 
Fig. 13(b) Comparison of the corrosion rates evaluated from weight loss, 
hydrogen evolution rate and the corrosion current density measured by 
cathodic polarisation curves and EIS during immersion testing in 
3.5 % NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 °C 
for as-cast HP Mg and as-cast Mg-X alloys: Mg0.3Ca, Mg1Mn, 
Mg0.1Sr, Mg6Al, Mg5Sn, Mg0.3Si, Mg5Zn and Mg0.1Zr. 
 
51(80) 
Fig. 13(c) Comparison of the corrosion rates evaluated from weight loss and 
hydrogen evolution rate during immersion testing in 3.5 % NaCl 
solution saturated with Mg(OH)2 for 7 days at 25 ± 2 °C for as-cast 
HP-Mg, and solution treated Mg-X alloys: Mg1Mn, Mg5Sn, Mg0.3Ca, 
Mg5Zn, Mg6Al, Mg0.1Zr, Mg0.3Si and Mg0.1Sr. 
 
51(80) 
Fig. 13(d) Comparison of the corrosion rates evaluated from weight loss, 
hydrogen evolution rate and the corrosion current density measured by 
cathodic polarisation curves and EIS for as cast HP-Mg, and solution 
treated Mg-X alloys: Mg1Mn, Mg5Sn, Mg0.3Ca, Mg5Zn, Mg6Al, 
Mg0.1Zr, Mg0.3Si and Mg0.1Sr. 
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Fig. 14 Corrosion rates evaluated from salt spray test and weight loss for 
immersion testing in 3.5 % NaCl solution saturated with Mg(OH)2 for 
7 days at 25 ± 2 °C, for as-cast and solution heat-treated Mg-X alloys: 
Mg0.3Ca, Mg1Mn, Mg0.1Sr, Mg6Al, Mg5Sn, Mg0.3Si, Mg5Zn and 
Mg0.1Zr. 
 
53(82) 
Fig. 15 Corrosion rates for solution heat-treated Mg-X alloys plotted against 
corrosion rates for as-cast Mg-X alloys. The corrosion rates were 
evaluated from weight loss from salt spray tests and immersion tests in 
3.5 % NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 °C. 
 
53(82) 
Fig. 16 Surface appearance after immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C and after removal of 
corrosion products for as-cast HP Mg (a) optical image (OP); (b) 
secondary electron image (SE). 
 
54(83) 
Fig. 17 Surface appearance after salt spray test and after removal of corrosion 
products for as-cast HP Mg (a) OP; (b) SE. 
 
54(83) 
Fig. 18 Surface appearance after immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C and after removal of 
corrosion products for as-cast Mg1Mn (a) OP; (b) back scattered 
electron image (BSE); (c) BSE. 
 
55(84) 
Fig. 19 Surface appearance after immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C and after removal of 
corrosion products for solution heat-treated Mg1Mn (a) OP; (b) BSE; 
(c) BSE 
 
55(84) 
Fig. 20 Surface appearance after salt spray test and after removal of corrosion 
products for solution heat-treated Mg1Mn (a) OP; (b) SE; (c) SE. 
 
56(85) 
Fig. 21 Surface appearance after immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C and after removal of 
corrosion products for as-cast Mg0.3Ca (a) OP; (b)BSE. 
 
56(85) 
Fig. 22 Surface appearance after immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C and after removal of 
corrosion products for solution heat-treated Mg0.3Ca (a) OP; (b) 
BSE. 
 
56(85) 
Fig. 23 Surface appearance after salt spray test and after removal of corrosion 
products for solution heat-treated Mg0.3Ca (a) OP; (b) SE; (c) SE. 
 
57(86) 
Fig. 24 Surface appearance after immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C and after removal of 
corrosion products for as-cast Mg0.1Zr (a) OP; (b) BSE. 
 
57(86) 
Fig. 25 Surface appearance after immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C and after removal of 
corrosion products for solution heat-treated Mg0.1Zr (a) OP; (b) SE. 
 
57(86) 
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Fig. 26 Surface appearance after salt spray test and after removal of corrosion 
products for solution heat-treated Mg0.1Zr (a) OP; (b) BSE. 
 
58(87) 
Fig. 27 Surface appearance after immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C and after removal of 
corrosion products for as-cast Mg0.1Sr (a) OP; (b) BSE; (c) BSE. 
 
58(87) 
Fig. 28 Surface appearance after immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C and after removal of 
corrosion products for solution heat-treated Mg0.1Sr (a) OP; (b) SE. 
 
58(87) 
Fig. 29 Surface appearance after salt spray test and after removal of corrosion 
products for solution heat-treated Mg0.1Sr (a) OP; (b) BSE; (c) BSE. 
 
59(88) 
Fig. 30 Surface appearance after immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C and after removal of 
corrosion products for as-cast Mg6Al (a) OP; (b) BSE; (c) BSE. 
 
59(88) 
Fig. 31 Surface appearance after immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C and after removal of 
corrosion products for solution heat-treated Mg6Al (a) OP; (b) BSE; 
(c) BSE. 
 
59(88) 
Fig. 32 Surface appearance after salt spray test and after removal of corrosion 
products for solution heat-treated Mg6Al (a) OP; (b) BSE; (c) BSE 
 
60(89) 
Fig. 33 Surface appearance after immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C and after removal of 
corrosion products for as-cast Mg5Zn (a) OP; (b) BSE; (c) BSE. 
 
60(89) 
Fig. 34 Surface appearance after immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C and after removal of 
corrosion products for solution heat-treated Mg5Zn (a) OP; (b) BSE. 
 
61(90) 
Fig. 35 Surface appearance after salt spray test and after removal of corrosion 
products for solution heat-treated Mg5Zn (a) OP; (b) SE; (c) BSE. 
 
61(90) 
Fig. 36 Surface appearance after immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C and after removal of 
corrosion products for as-cast Mg5Sn (a) OP; (b) BSE. 
 
61(90) 
Fig. 37 Surface appearance after immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C and after removal of 
corrosion products for solution heat-treated Mg5Sn (a) OP; (b) BSE; 
(c) BSE. 
 
62(91) 
Fig. 38 Surface appearance after salt spray test and after removal of corrosion 
products for solution heat-treated Mg5Sn (a) OP; (b) BSE; (c) SE. 
 
62(91) 
Fig. 39 Surface appearance after immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C and after removal of 
corrosion products for as-cast Mg0.3Si (a) OP; (b) BSE; (c) BSE. 
62(91) 
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Fig. 40 Surface appearance after immersion testing in 3.5 % NaCl solution 
saturated with Mg(OH)2 for 7 days at 25 ± 2 °C and after removal of 
corrosion products for solution heat-treated Mg0.3Si (a) OP; (b) SE. 
 
63(92) 
Fig. 41 Surface appearance after salt spray test and after removal of corrosion 
products for solution heat-treated Mg0.3Si (a) OP; (b) SE; (c) SE. 
 
63(92) 
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X alloys 
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Fig. 1 Optical metallography of as-cast etched Mg-X alloys. 
 
74(179) 
Fig. 2 Typical surface appearance of as-cast etched Mg-X alloys as revealed 
by SEM 
 
74(179) 
Fig. 3 Optical metallography of hot-rolled etched Mg-X alloys. 
 
75(180) 
Fig. 4 Typical surface appearance of hot-rolled etched Mg-X as revealed by 
SEM. 
 
75(180) 
Fig. 5(a) Hydrogen evolution volume during immersion testing at the open 
circuit potential (OCP) in the 3.5% NaCl solution saturated with 
Mg(OH)2 for 7 days at 24 ± 1 ℃ for hot-rolled Mg5Gd, Mg0.3Ca, 
Mg6Al, Mg1Mn, Mg5Sn and Mg0.1Sr alloys. 
 
76(181) 
Fig. 5(b) Hydrogen evolution volume during immersion testing at the open 
circuit potential (OCP) in the 3.5% NaCl solution saturated with 
Mg(OH)2 for 7 days at 24 ± 1 ℃ for hot-rolled Mg0.6Nd, Mg0.7La, 
Mg0.9Ce, Mg0.1Zr and Mg0.3Si alloys. 
 
76(181) 
Fig. 6(a) Corrosion rate PH during immersion testing at the open circuit 
potential (OCP) in the 3.5% NaCl solution saturated with Mg(OH)2 for 
7 days at 24 ± 1℃ for hot-rolled Mg5Gd, Mg0.3Ca, Mg6Al, Mg1Mn, 
Mg5Sn and Mg0.1Sr alloys. 
 
76(181) 
Fig. 6(b) Corrosion rate PH during immersion testing at the open circuit 
potential (OCP) in the 3.5% NaCl solution saturated with Mg(OH)2 for 
7 days at 24 ± 1℃ for hot-rolled Mg0.6Nd, Mg0.7La, Mg0.9Ce, 
Mg0.1Zr and Mg0.3Si alloys. 
 
76(181) 
Fig. 7 Comparison of the average corrosion rates evaluated from hydrogen 
evolution and weight loss during immersion testing at the open circuit 
potential (OCP) in the 3.5% NaCl solution saturated with Mg(OH)2 for 
7 days at 24 ± 1℃ for hot-rolled  Mg-X alloys. 
 
77(182) 
Fig. 8 Comparison of the corrosion rate evaluated from weight loss during 
immersion testing at the open circuit potential (OCP) in the 3.5% NaCl 
solution saturated with Mg(OH)2 for 7 days at 24 ± 1℃ for as-cast, 
hot-rolled and solution-heat-treated Mg-X alloys: Mg5Gd, Mg0.3Ca, 
Mg6Al, Mg1Mn, Mg5Sn, Mg0.1Sr, Mg0.6Nd, Mg0.7La, Mg0.9Ce, 
Mg0.1Zr and Mg0.3Si. 
77(182) 
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Fig. 9(a) Cathodic polarisation curves measured after 24 hours immersion in 
the 3.5% NaCl solution saturated with Mg(OH)2 at the open circuit 
potential (OCP) at 24 ± 1 ℃ for hot-rolled Mg5Gd, Mg0.3Ca, Mg6Al, 
Mg1Mn, Mg5Sn and Mg0.1Sr alloys. 
 
78(183) 
Fig. 9(b) Cathodic polarisation measured after 24 hours immersion in the 3.5% 
NaCl solution saturated with Mg(OH)2 at the open circuit potential 
(OCP) at 24 ± 1 ℃ for hot-rolled Mg0.6Nd, Mg0.7La, Mg0.9Ce, 
Mg0.1Zr and Mg0.3Si alloys. 
 
78(183) 
Fig. 10 Typical overview surface appearance after immersion testing at the 
open circuit potential (OCP) in the 3.5% NaCl solution saturated with 
Mg(OH)2 for 7 days for Mg-X alloys: (a) Mg5Gd, (b) Mg0.3Ca, (c) 
Mg6Al, (d) Mg1Mn, (e) Mg5Sn, (f) Mg0.1Sr, (g) Mg0.6Nd, (h) 
Mg0.7La, (i) Mg0.9Ce, (j)Mg0.1Zr and (k)Mg0.3Si. Typical views are 
presented for each Mg alloy in the following conditions: as-cast (the 
first image), hot-rolled (the second image), and solution-heat-treated 
(the third image). 
 
79(184) 
Fig. 11 Surface appearance after the immersion test for hot-rolled Mg5Gd (a) 
optical image (OP); (b) back scattered electron (BSE) image, (c) 
secondary electron (SE) image. 
 
80(185) 
Fig. 12 Surface appearance after the immersion test for hot-rolled Mg0.3Ca: 
(a) OP; (b) SE; (c) SE. 
 
80(185) 
Fig. 13 Surface appearance after the immersion test for hot-rolled Mg6Al: (a) 
OP; (b) SE; (c) SE. 
 
80(185) 
Fig. 14 Surface appearance after the immersion test for hot-rolled Mg1Mn: (a) 
OP; (b) SE; (c) SE. 
 
81(186) 
Fig. 15 Surface appearance after the immersion test for hot-rolled Mg5Sn: (a) 
OP; (b) SE. 
 
81(186) 
Fig. 16 Surface appearance after the immersion test for hot-rolled Mg0.1Sr: 
(a) OP; (b) SE; (c) SE. 
 
82(187) 
Fig. 17 Surface appearance after the immersion test for hot-rolled Mg0.6Nd: 
(a) OP; (b) SE; (c) SE. 
 
82(187) 
Fig. 18 Surface appearance after the immersion test for hot-rolled Mg0.7La: 
(a) OP; (b) SE; (c) SE. 
 
82(187) 
Fig. 19 Surface appearance after the immersion test for hot-rolled Mg0.9Ce: 
(a) OP; (b) SE; (c) SE. 
 
83(188) 
Fig. 20 Surface appearance after the immersion test for hot-rolled Mg0.1Zr: 
(a) OP; (b) SE; (c) SE. 
 
83(188) 
Fig. 21 Surface appearance after the immersion test for hot-rolled Mg0.3Si: 
(a) OP; (b) SE; (c) SE. 
84(189) 
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Fig. 1 Optical metallography of typical Mg0.1Si specimens. 
 
92(258) 
Fig. 2 Typical surface appearance of Mg0.1Si specimens using SEM: (a)-(c) 
LH-1. 
 
93(259) 
Fig. 3 Typical optical micrographs of Mg0.1Si specimens after etching: (a) 
LH-3 and (b) NH-2. 
 
93(259) 
Fig. 4 Hydrogen evolution volume during immersion testing at the open 
circuit potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 
for 7 days at 24℃ for solution heat-treated Mg0.1Si specimens 
 
93(259) 
Fig. 5 Instantaneous corrosion rate as evaluated from hydrogen evolution 
during immersion testing at the open circuit potential (OCP) in 3.5% 
NaCl solution saturated with Mg(OH)2 for 7 days at 24 ± 1℃ for 
solution heat-treated Mg0.1Si specimens 
 
93(259) 
Fig. 6 Cathodic polarisation measured during 5 hour and seventh day during 
immersion testing at the open circuit potential (OCP) in 3.5% NaCl 
solution saturated with Mg(OH)2 for 7 days at 24 ± 1 ℃ for solution 
heat-treated Mg0.1Si specimens 
 
94(260) 
Fig. 7 Typical EIS data measured during immersion testing at the open 
circuit potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 
for 7 days at 24 ± 1℃ for solution heat-treated Mg0.1Si specimens: 
(a)(b) LH-3, (c)(d) NH-1, and (e)(f) NH-2.(g) Measured values OCP 
for specimens LH-3, NH-1 and NH-3, associated with the EIS 
measurements, versus immersion time. 
 
95(261) 
Fig. 8 Comparison of corrosion rate, PH, (full symbols), and Pi,EIS (open 
symbols) during immersion testing at the open circuit potential (OCP) 
in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 24 ± 1℃ 
for solution heat-treated Mg0.1Si specimens. 
 
96(262) 
Fig. 9 Comparison of corrosion rates evaluated from weight loss, PW, 
hydrogen evolution, PAH and PH,7,the corrosion current density from 
cathodic polarisation curves and EIS during immersion testing at the 
open circuit potential (OCP) in 3.5% NaCl solution saturated with 
Mg(OH)2 for 7 days at 24 ± 1℃ for solution heat-treated Mg0.1Si 
specimens. 
 
96(262) 
Fig. 10 Equivalent circuits used for EIS data fitting: (a) for EIS data at the 7th 
day for LH-1, LH-2, LH-3, SH-2 and NH-1, (b) for EIS data at the 7
th
 
day for NH-2, and (c) a simple EIS data fitting by a semi-circle in the 
lowest frequency range. 
 
96(262) 
Fig. 11 Secondary electron image of typical surface appearance after 
immersion testing at the open circuit potential (OCP) in 3.5% NaCl 
97(263) 
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solution saturated with Mg(OH)2 for 7 days at 24 ± 1℃ and after 
removal of corrosion products for solution heat-treated Mg0.1Si 
specimen (a)(b) LH-2 (Arrows indicate areas suffered serious 
corrosion) and (c) LH-3. 
Fig. 12 Secondary electron images of the surface appearance after immersion 
testing at the open circuit potential (OCP) in 3.5% NaCl solution 
saturated with Mg(OH)2 for 7 days at 24 ± 1℃ and after removal of 
corrosion products for solution heat-treated Mg0.1Si specimen NH-1. 
Black circle indicates corrosion around a pore. Arrows indicate areas 
suffered significant layer corrosion. 
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Fig. 13 Secondary electron images of the surface appearance after immersion 
testing at the open circuit potential (OCP) in 3.5% NaCl solution 
saturated with Mg(OH)2 for 7 days at 24 ± 1℃ and after removal of 
corrosion products for solution heat-treated Mg0.1Si specimen NH-2. 
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Fig. 14 Film broken model for Mg0.1Si specimens immersed in 3.5% NaCl 
solution saturated with Mg(OH)2 (a) specimen without defect; (b) 
specimen with defects. 
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Chapter 1 Introduction 
Magnesium (Mg) is one of the lightest metals with a density of 1.7 g cm-3, which is widely 
distributed in the earth’s crust and in the sea. Because of the low density, Mg and Mg alloys have 
high strength to weight ratios. This excellent property makes Mg alloys attractive for light-weight 
applications [1-3]. For example, in consumer electronics and power tools, Mg alloy is a good option 
to reduce the weight for carrying convenience; in the automobile industry, weight reduction by the 
usage of Mg components can save the fuel consumption and reduced CO2 emissions significantly 
[1]. The total production of Mg alloys all over the world has steadily increased since 1999. Some 
Mg components have already been used in the German based automobiles [1]. 
Mg and its alloys are also attractive biodegradable material as their good biocompatibility and 
appropriate mechanical properties [4-10]. Mg is one of the essential elements in human body, and 
the Mg ions produced by corrosion in human body can be carried out by our urinary system without 
any toxicity. Some Mg alloys have been deployed successfully in animal trials, and are considering 
to be used as temporary implants in osteosynthesis [11,12].  
However, the application of Mg and its alloys is still limited because of the poor resistance of 
corrosion and stress corrosion cracking (SCC) [2, 3, 13-17]. The poor corrosion resistance makes 
the Mg alloys application unavailable in the relative aggressive environment. There are three main 
reasons for the poor corrosion resistance of Mg alloys: (i) Mg is one of the most reactive elements; 
(ii) the hydroxide film on Mg surface is not as protective as that of aluminium and stainless steels; 
(iii) the micro-galvanic corrosion caused by the second phases or particles increased the corrosion 
rate significantly. The poor resistance of stress corrosion cracking limits the wide application of Mg 
alloy as a structural material, which experiences load. It may crack at 50% of the ultimate tensile 
stress of the Mg alloy without any prior indication. 
In this research, immersion test with electrochemical methods (dynamic polarization and 
electrochemical impedance spectroscopy (EIS)) was used to evaluate the corrosion behaviour of Mg 
and its alloys. Linearly increasing stress tests (LIST) were used to study the SCC behaviour of Mg 
alloys. The methods of adding alloying elements, solution heat treatment and hot rolling were used 
to try to improve the resistance of corrosion behaviour and SCC behaviour of Mg. 
The thesis contains the following published journal papers and manuscripts submitted as individual 
chapters, which contribute to the whole PhD program. Chapter 2 studies the corrosion behaviour of 
ultra-high-purity Mg in 3.5% NaCl solution saturated with Mg(OH)2 to better understand the 
corrosion mechanism of Mg. Chapter 3 investigates the corrosion behaviour of as-cast and solution 
-1-
heat-treated binary Mg-X alloys in 3.5% NaCl solution saturated with Mg(OH)2 to understand the 
influence of alloying elements on the corrosion behaviour of Mg. Chapter 4 analyses the influence 
of hot rolling on the corrosion behaviour of several Mg-X alloys. Chapter 5 investigates the 
influence of casting porosity on the corrosion behaviour of Mg0.1Si. Chapter 6 studies the stress 
corrosion cracking behaviour of several solution-heat-treated Mg-X alloys. Chapter 7 studies the 
stress corrosion cracking behaviour of several hot-rolled Mg-X alloys. Chapter 8 presents the 
conclusions and future work. 
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1.1. Corrosion of Mg
Magnesium (Mg) alloys are interesting for transport applica-
tions such as automobile and aerospace construction due to their
low densities and adequate strength to weight ratios [1,2]. How-
ever, their poor corrosion performance [3–17] limits their service
applications. It is desirable to understand and improve their corro-
sion performance [3,4,12,17] for the more widespread applications
of Mg alloys. Their corrosion performance makes Mg alloys also of
particular interest as biodegradable medical implant materials
[13–17].
No element has been identified that produces a Mg alloy with a
corrosion rate lower than that of high-purity (HP) Mg in a techni-
cally relevant testing solution like 3.5% NaCl solution [3,4,7,12].
Some elements have little influence on the corrosion of Mg alloys.
However, some elements are extremely detrimental. They are
termed impurity elements. Hanawalt et al. [18] found that the four
impurity elements (Ni, Cu, Co and Fe) significantly accelerated the
saltwater corrosion of Mg binary alloys. Corrosion rates are accel-
erated by a factor between 10 and 100 when their concentrations
are above a tolerance limit [19]. These impurity elements are del-
eterious because of their low solid-solubility in a-Mg, and because
they provide effective cathodic sites [3,4]. When the impurityconcentration exceeds the tolerance limit, the corrosion rate is
high, whereas the corrosion rate is low when the impurity concen-
tration is lower than the tolerance limit.
Liu et al. [20] explained the Fe impurity tolerance limit using
the Mg–Fe phase diagram. The tolerance level for a cast Mg alloy
usually corresponds to the minimum content of Fe beyond which
a BCC phase forms from the melt during solidification. The maxi-
mum Fe solubility in alpha Mg is 2 ppm, so heat-treated Mg al-
loys could have a Fe tolerance limit of 2 ppm because of the
precipitation of an iron-rich phase during heat treatment. Thus,
Fe impurities can dominate the corrosion behaviour of heat-trea-
ted Mg alloys, unless the Mg alloys are produced in ultra-high-pur-
ity form with the Fe content less than 2 ppm.
1.2. Corrosion of HP Mg
The corrosion for high-purity (HP) Mg was studied by Shi and
Atrens [21] and Qiao et al. [22] in 3.5% NaCl solution saturated with
Mg(OH)2, and by Zainal Abidin et al. [16] in buffered Hank’s solu-
tion at 37 C and pH 7.4. This HP Mg material, designated as
UQ HP Mg, was purchased by CAST CRC as commercial ingots.
Shi and Atrens [21] found that the corrosion rate of most HP Mg
specimens was 0.3 mm y1, and corrosion took the form of shal-
low pits, which gradually linked up. There was some filiform corro-
sion. Two of the 15 fishing-line specimens exhibited higher
corrosion rates of 1.1 and 0.74 mm y1. These specimens had some
areas of deeper corrosion. Zainal Abidin et al. [16] examined three
specimens after immersion in buffered Hank’s solution for over ten
Fig. 1. Schematic showing the principle for the production of ultra-pure Mg by
distillation.
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low corrosion rate as measured by hydrogen evolution and weight
loss. The other specimen has several corrosion cavities, and exhib-
ited a somewhat higher corrosion rate. The corrosion for UQ HP
Mg, studied by Qiao et al. [22], was somewhat in between these
two cases. The corrosion rate was 0.5 mm y1 and there were some
shallow corrosion cavities.
This indicates that HP Mg typically has a low corrosion rate
0.3 to 0.5 mm y1 in 3.5% NaCl solution saturated with Mg(OH)2,
and corrosion takes the form of shallow pits, which gradually link
up, with some filliform corrosion. However, some specimens
exhibited higher corrosion rates, up to 1.1 mm y1 in 3.5% NaCl
solution saturated with Mg(OH)2, and the corrosion included some
cavities. This analysis of the corrosion of UQ HP Mg led to the
working hypothesis that the higher corrosion rate in some speci-
mens (e.g. 1.1 mm y1 in 3.5% NaCl solution saturated with
Mg(OH)2) may be associated with the presence of a few Fe rich par-
ticles (or other unidentified particles), even in HP Mg. This implies
that ultra-high-purity Mg (UP Mg) might have (i) much less varia-
tion in corrosion rate from specimen to specimen, and (ii) a corro-
sion rate somewhat lower than of HP Mg, which has a typical
corrosion rate of 0.3–0.5 mm y1 in 3.5% NaCl solution saturated
with Mg(OH)2.
1.3. Production of UP Mg
Prasad et al. [23] studied production of UP Mg by melt purifica-
tion with Zr, experimentally, and theoretically using calculated
phase diagrams. Zr was effective in reducing the Fe content from
the Mg melt for Mg–X binary alloys, X = Y, Si, Sn, Ca, Sr, Ce, Gd,
Nd, Li, La, Mn and Zn. Purification occurred by the formation of
Fe rich compounds, and their settling to the bottom of the melt.
Any desired Fe content down to one ppm can in principle be
achieved by appropriate melt treatment. During the study by Pra-
sad et al. [23], Mg–X alloys were produced with a Fe content of 10–
70 ppm for an evaluation of the corrosion behaviour after heat
treatment to solutionize the alloying element in each case. The cor-
rosion of these alloys is currently being evaluated in a separate
study.
1.4. Distillation
Another means of producing ultra-high-purity Mg (UP Mg) is
through vacuum distillation. The vacuum distillation apparatus
used to produce UP Mg for this study is schematically shown in
Fig. 1. It consisted of a multiple-zone resistance furnace containing
an evaporation unit (lower part) and a high-purity (HP) graphite
crucible as condenser (upper part). The evaporation unit was main-
tained at a temperature of900 C which is above the boiling point
of Mg (at a Mg vapour pressure 100 mbar), whereas the temper-
ature of the high-purity graphite condenser was kept between the
melting and boiling point at about 700 C (at a Mg vapour pressure
5 mbar). Accordingly, the difference in the vapour pressure acted
as the driving force for the distillation. Prior to distillation the sys-
tem was evacuated to 104 mbar in order to minimise the possibly
of contaminating components. Details of the distillation unit are
described in [24]. The first evaluation of this UP Mg is the aim of
the current research.
1.5. Corrosion mechanism
The most-recent comprehensive analysis of the Mg corrosion
mechanism was by Shi et al. [25,26]. This topic was also dealt with
by Kirkland et al. [27] and Frankel et al. [28]. Mg (Mg2+/Mg) has a
standard electrode potential of 2.37 Vnhe at 25 C, assuming that
bare Mg metal is in contact with its divalent ion at unit activity-8-in solution. The actual corrosion potential of Mg is usually about
1.7 Vnhe in aqueous solutions, indicating that bare Mg metal is
not in contact with the solution [3]. The surface is covered by a sur-
face film, which provides some corrosion protection [29–32]. The
overall Mg corrosion reaction is:
Mgþ 2H2O!MgðOHÞ2 þH2 ð1Þ
The experimental data regarding Mg corrosion
[3,4,7,12,17,25,26,33,34] are consistent with the anodic partial reac-
tion having two sequential steps, involving the uni-positive ion,
Mg+ as a short-lived intermediate, as follows:
Mg!Mgþ þ e ð2Þ
kMgþ ! kMg2þ þ ke ð3Þ
A fraction k of the uni-positive ions, Mg+, on the Mg metal surface,
are converted to the equilibrium ion by the electrochemical reac-
tion (3) assumed to occur on the Mgmetal surface. The complement
reacts with water by the reaction:
ð1 kÞMgþ þ ð1 kÞH2Oþ ð1 kÞOH
! ð1 kÞMgðOHÞ2 þ 1=2ð1 kÞH2 ð4Þ
The two anodic partial reactions are balanced by the cathodic par-
tial reaction
ð1þ kÞH2Oþ ð1þ kÞe ! 1=2ð1þ kÞH2 þ ð1þ kÞOH ð5Þ
The Mg corrosion reaction thus only partly occurs at the Mg metal
surface, and only partly provides electrons via Eqs. (2) and (3) that
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ment. Thus, the corrosion rate evaluated from electrochemical mea-
surements, Pi, is lower than the corrosion rate evaluated by a direct
measurement, such as the corrosion rate determined from weight
loss, PW [21].
Corrosion of Mg has the seemingly strange phenomena known
as the negative difference effect (NDE) [3,4,30,31,33,34,35]. It is
found experimentally that (i) the hydrogen evolution rate in-
creases with increasing applied anodic current (that is expected
to decrease the rate of the cathodic reaction, and the rate of asso-
ciated cathodic hydrogen produced by the cathodic partial reaction
Eq. (5)), and (ii) the amount of dissolved Mg is larger than expected
from the Faraday Law. These two effects can be explained by the
above corrosion mechanism involving the uni-positive Mg ion,
Mg+. An increased applied anodic current produces more Mg+,
which produces more hydrogen by Eq. (4), and the amount of
Mg2+ produced is greater than expected by the Faraday law, be-
cause some Mg2+ is produced via Eq. (4) [25,34,36].
The data of Kirkland et al. [27] can be used to evaluate n, where
n is the charge per Mg ion delivered by the external current. Based
on their evaluation of their data, Kirkland expressed a view differ-
ent to that above. However, their data gave values of n less than
n = 2 for each experimental condition, consistent with Mg corro-
sion involving the uni-positive Mg+ ion.
Frankel et al. [28] proposed that the corroding Mg surface under
anodic polarisation increases in catalytic ability by just the right
amount to explain all the hydrogen evolution as by the cathodic
reaction, Eq. (5). This is not a testable theory, but merely provides
rationalisation of known observations. It is plausible that the Mg
surface becomes more active at higher applied anodic currents in
3% NaCl solution concomitant with deceasing surface film coverage
as already proposed by Song et al. [30,31], but there was no at-
tempt by Frankel et al. [28] to quantitatively explain all the known
data such as that in [25,26]. Furthermore, the NDE occurs in highly
acid solutions like 1 M HCl, and it is unclear why the catalytic nat-
ure of freely corroding Mg in 1 M HCl should change with applied
anodic current. Nor is there any evidence to support such a sugges-
tion. It is pure speculation.
In contrast, the uni-positive Mg+ model predicts that the elec-
trochemical measurement of Mg corrosion gives values less than
measured by weight loss and hydrogen evolution, and that is con-
sistent with experimental measurements [21,22].
Moreover, we believe the suggestion of Frankel et al. [28] to be
wrong that the pH decreases withMg corrosion in 3% NaCl solution.
The pH increases to 10.5 because of the low solubility of Mg(OH)2.
1.6. Role of hydrogen
Hydrogen is an important part of the Mg corrosion mechanism
as indicated by Eq. (1). Perrault [37,38] reported that the possible
electrochemical reactions during Mg corrosion include Mg hydride.
It has been widely reported [39–46] that MgH2 is formed on the
Mg surface during corrosion, and for cathodic polarisation. Chen
et al. [43] found that MgH2 was important in the corrosion of
AZ91 in NaCl solution at the free corrosion potential, and in the
cathodic region. Liu and co-workers [44,45] found MgH2 inside
the surface layer on HP Mg and on Al3Mg2 after immersion in ul-
tra-pure water. MgH2 has been observed inside Mg after absorp-
tion of hydrogen [47–50]. Chen et al. [48] found that hydrogen
diffused into the interior of Mg matrix, enriched at b phase and
formed MgH2 at the b phase.
One of the NDE mechanisms considered by Song et al. [31] in
their analysis of the NDE involved magnesium hydride, MgH2. This
mechanism was based on the fact that Mg can be reduced to hy-
dride by the cathodic electrochemical reaction:-9Mgþ 2Hþ þ 2e!MgH2 ð6Þ
MgH2 is not stable in contact with water and reacts to form hydro-
gen [34]. However, this mechanism was rejected by Song et al. [31]
as not being able to explain the anodic production of hydrogen be-
cause the key reaction, Eq. (6), is a cathodic reaction, which is re-
tarded by anodic polarisation. Nevertheless, the role of MgH2 may
merit further consideration.
1.7. Measurement of Mg corrosion
The study of Mg corrosion is made difficult by the fact that there
are issues for the measurement of Mg corrosion for the standard
electrochemical technique of Tafel extrapolation from polarisation
curves. There has not been agreement between independent mea-
surement of the corrosion rate, and the corrosion rate measured by
Tafel extrapolation of polarisation curves [21]. This was studied by
Shi and Atrens [21], who developed the plug-in specimen and the
fishing-line specimen. Shi and co-workers [21,25] identified that
there were at least the following three reasons why previous mea-
surements by Tafel extrapolation had not yielded corrosion rate
measurements that agreed with independent measurements: (i)
Tafel extrapolation has typically been used to measure initial cor-
rosion behaviour soon after specimen immersion in the solution
[51], which initial corrosion behaviour often does not correlate
with steady state corrosion behaviour, (ii) decoupling of the corro-
sion and electrochemical measurements by the evolving hydrogen
and corrosion products, and (iii) the evidence suggest that crevice
corrosion may occur in the specimen mount when the specimen is
mounted in a metallurgical mount or similar as widely used in Mg
corrosion studies.
1.8. Research aims
1. To evaluate the corrosion behaviour in 3.5% NaCl solution satu-
rated with Mg(OH)2 of the UP Mg produced by distillation.
2. To use the new plug-in specimens and the new fishing-line
specimens [21] to better understand the Mg corrosion
mechanism.
3. To use the EIS to study the film status during the immersion
tests.
4. To study the influence of surface preparation on the corrosion
behaviour of UP Mg.
2. Experimental methods
2.1. Materials and specimens
Specimen material consisted of parts of two ingot of ultra-high-
purity Mg (UP Mg), produced by distillation at the Swiss Federal
Institute of Technology Zurich (ETHZ). These were designated as
ingot A and ingot B. Ingot B was made several months after ingot
A. The composition of ingot A and ingot B are listed in Table 1.
Table 1 also lists the chemical composition as determined using
atomic emission spectroscopy (ICP-AES) by Spectrometer Services,
Coburg, Victoria for specimens A1, B2, and B4. The chemical com-
position of these specimens was measured in order to determine if
their corrosion performance was influenced by chemical
inhomogeneity.
The slice from Ingot A was cut into four rectangular plug-in
specimens (12 mm  10 mm  5 mm), which were designated as
A1, A2, A3 and A4. There was every expectation of identical corro-
sion performance throughout the UP Mg slice, so that no attempt
was made to record the specimen location, and these designations
were assigned at random. These four plug-in specimens produced-
Table 1
Chemical composition of the UP Mg (wt ppm). The analyses designated ingot A and ingot B were carried out for ETHZ by GfE Fremat GmbH using glow discharge mass
spectrometry (GDMS). In addition to the elements listed, the concentration of all the following elements was less than 0.1 wt ppm or lower: Li, B, F, P, K, Sc, Ti, V, Ga, As, Se, Br, Rb,
Sr, Y, Mo, Ru, Rh, Ag, Cd, In, Sn, Sb, Te, I, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Re, Os, Ir, Pt, Au, Hg, Tl, Bi, Th, U.
Specimen Al Zn Mn Fe Cu Si Ni Zr Be Co Nb Ca Ge W Na Cr S Cl Pd Pb
Ingot A 28 48 1.3 1.6 0.34 1.4 0.15 0.05 <0.1 <0.005 0.07 1.3 1.5 <0.05 0.04 0.17 0.40 0.40 0.21 0.51
Ingot B 0.47 38 2.2 1.4 0.24 0.87 0.25 0.11 <0.1 0.22 0.14 0.32 1.2 1.1 0.21 3.1 0.45 5.0 <0.01 1.0
A1 <20 40 <2 10 <2 <20 <2 <10 <2
B2 <20 40 <2 10 <2 <20 <2 <10 <2
B4 <20 40 <2 10 <2 <20 <2 <10 <2
The analyses of specimens A1, B2 and B4 were carried out by Spectrometer Services using atomic emission spectroscopy (ICP-AES).
In all cases Mg was the matrix and is not recorded in the analyses.
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imen was cut approximately in half to produce two fishing-line
specimens of approximate size: 10 mm  5 mm  5 mm. The cor-
roded surface of these specimens was totally removed by grinding
before these fishing-line specimens were exposed to immersion
testing. These fishing-line specimens were designated as A1a,
A1b, A2a, A2b, A3a etc.
Each surface of each specimen was ground successively to 2000
grit SiC paper, washed, dried and weighed, to give the weight be-
fore corrosion testing,Wb. To ensure no contamination of the spec-
imen surfaces, fresh SiC papers were used in each case. The plug-in
specimens and fishing-line specimens were prepared as described
by Shi and Atrens [21]. For a plug-in specimen, a bared end of a
somewhat oversized copper wire was forced into an undersized
hole in the edge of the specimen. PTFE tape ensured there was
no crevice between the specimen and the insulation around the
electrical copper wire.
Ingot B was sectioned to produce (i) three rectangular plug-in
specimens (15 mm  10 mm  5 mm), which were designated as
B1, B2, and B3, and (ii) three fishing line specimens
(15 mm  15 mm  5 mm), designated as B4, B5 andB6. Thesewere
prepared in the same manner as for the specimens from ingot A.
Ingot B was further sectioned to produce ten rectangular fishing
line specimens (15 mm  15 mm  5 mm) to allow the investiga-
tion of the influence of surface preparation on corrosion. These
ten specimens were classified into five groups according to the sur-
face preparation as detailed in Table 2: (i) B7a and B7b: ground
with 240 grit paper + water wash; (ii) B8a and B8b: ground with
240 grit paper + chromic acid clean + water wash; (iii) B9a and
B9b: ground successively to 2000 grit SiC paper + chromic acid
clean + water wash; (iv) B10a and B10b: ground successively to
2000 grit SiC paper + diamond polish + ethanol wash + water
wash; (v) B11a and B11b ground successively to 2000 grit
SiC + diamond polish + ethanol wash + chromic acid clean + water
wash. The chromic acid contained a concentration of CrO3 of
200 g L1 and 2 g L1 AgNO3, which could remove the Mg(OH)2
but remove no metallic Mg. All these specimens were dried and
weighed after the water wash in the same manner as the plug-in
specimens.2.2. Immersion tests
Corrosion behaviour was characterised by immersion tests of
plug-in specimens [21] in 3.5% NaCl aqueous solution saturated
withMg(OH)2, using weight loss, hydrogen evolution, electrochem-
ical impedance spectroscopy (EIS), and extrapolation of polarisation
curves. The plug-in specimen was positioned inside a standard
three-electrode cell during the immersion test by an appropriate
bending of the insulated copper wire [21]. The evolved hydrogen
was collected into a burette by a funnel above the corroding speci-
men. The counter electrode (a Pt mesh 5 mm  10 mm), and the-10-reference electrode (Ag/AgCl/Sat KCl), were positioned vertically
at the edge of the funnel.
The fishing-line specimens were used to evaluate the corrosion
rate of the UP Mg from (i) the volume of hydrogen evolved during
the immersion test, and (ii) the weight loss over the whole immer-
sion time. Each fishing-line specimen was hung in the solution
using fishing line. The funnel above the specimen directed the
evolved hydrogen into the burette, in the same manner as for the
plug-in specimens.
The solution was made using analytic grade chemicals and dis-
tilled water. The temperature was 25 ± 2 C during the immersion
tests, maintained constant by the air-conditioning of the room. The
immersion test duration for the plug-in and fishing-line specimens
was 14 days.
The surface of each corroded specimen was examined and doc-
umented by a macro digital camera, and scanning electron micros-
copy (SEM) and energy dispersive spectroscopy (EDS), after
removal of the corrosion products.
2.3. Weight loss
Each specimen was ground to 2000 grit, washed with distilled
water, dried with a jet of clean compressed air, dried in a desiccator
for 1 day, and weighed before the immersion test, documented as
Wb. After the immersion test, the specimen was washed, dried, and
the weight of each specimen with corrosion product was measured
as Wawc. The corrosion products were removed by immersion of
the specimen in chromic acid cleaning solution at 25 C till there
were no bubbles. The solution contained 200 g L1 CrO3 and
2 g L1 AgNO3. Shi and Atrens [21] have verified that this solution
removed all corrosion products from the samples but removed no
metallic Mg. Measurements within this study indicated that the re-
moval of metallic Mg by the chromic acid cleaning was less than
0.0001 g, even after repeated re-cleanings of 10 min duration with
the chromic acid solution. This is documented in Appendix A. The
specimen was washed with distilled water, dried with a jet of clean
compressed air at room temperature (25 C), dried with hot air
from a hair dryer, and weighted within 8 min to give Wa (mg)
the weight of the specimen after the removal of corrosion products
after the immersion test. The weight loss rate, WL (mg cm2 d1)
was determined from [21,52]
WL ¼Wb WaAtL ð7Þ
where A (cm2) is the surface area of the specimen, and tL (day) is the
immersion duration. The corrosion rate, PW (mm y1) was deter-
mined from [2,21,52,53]
PW ¼ 2:10WL ð8Þ
This measurement of the corrosion rate is an average measurement
over the whole immersion time, and is an average over the whole
specimen area.
Table 2
Surface treatments used to study their influence using specimens from Ingot B.
Specimen Surface treatment
B7a, B7b 240 Grit + water wash
B8a, B8b 240 Grit + chromic acid clean + water wash
B9a, B9b Grind successively to 2000 grit + chromic acid clean + water wash
B10a,
B10b
Grind successively to 2000 grit + diamond polish + chromic acid
clean + ethanol wash + water wash
B11a,
B11b
Grind successively to 2000 grit + diamond polish + ethanol
wash + chromic acid clean + ethanol wash + water wash
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ated as the maximum possible error, ePW, determined from [54]:
ePW ¼ fWxPW ¼ eWb þ eWaWb Wa þ
eA
A
þ etL
tL
 
 PW ð9Þ
where fW is the maximum fractional error in the measurement of
PW, eWb is the error in the measurement of the weight of the spec-
imen before the immersion test, eWa is the error in the measure-
ment of the weight of the specimen after the immersion test, eA is
the error in the measurement of the specimen area, etL is the error
in the measurement of the immersion time, and all these errors can
be considered to be positive quantities when evaluating the maxi-
mum possible error. The most probable error is somewhat smaller
than the maximum possible error.
2.4. Hydrogen evolution
The evolved hydrogen was collected during the immersion test.
Hydrogen evolution provided the average corrosion rate over the
whole period, PAH (mm y1), and the instantaneous corrosion rate
throughout the testing period, PH (mm y1). The volume of hydro-
gen was measured at 25 C whereas in our prior works [21,25] the
ideal gas law was used to convert the hydrogen volume to the stan-
dard temperature and pressure (STP), where the standard temper-
ature is 0 C and the standard pressure is 1 atm. Eq. (1) indicates
that 1 mol Mg (24.31 g) corrodes to produce 1 mol hydrogen gas,
whose volume is 22.4 L at STP and 24.5 L at 25 C and a pressure
of 1 atm.
The instantaneous corrosion rate, PH (mm y1), was evaluated
from the instantaneous hydrogen evolution rate, VH (ml cm2 d1)
(the slope of the curve of the volume of evolved hydrogen, vH, ver-
sus time), using
PH ¼ 2:088VH ð10Þ
In this equation VH (ml cm2 d1) is at 25 C and a pressure of 1 atm,
compared with the equation used by Shi and Atrens [21] for VH
(ml cm2 d1) at STP. The hydrogen volume generated by the catho-
dic polarisation was subtracted from the total volume of hydrogen.
The average corrosion rate, PAH (mm y1), was evaluated from the
total hydrogen evolution rate, VHT (ml cm2 d1) (total volume of
evolved hydrogen per unit specimen area divided by total immer-
sion period).
The maximum error in the corrosion rate determined from
hydrogen evolution, ePH, was determined from [54]:
ePH ¼ fH  PH ¼ eVVH þ
eA
A
þ etL
tL
 
 PH ð11Þ
where fH is the maximum fractional error in the measurement of PH,
and eV is the error in the measurement of the hydrogen evolution
rate.
During the immersion test, hydrogen was evolved from the
corroding Mg surface as bubbles, and these were collected in the
burette above the corroding sample. As these bubbles rose to the
top of the burette, some hydrogen dissolved into the solution-11and diffused into the solution. Simultaneously, some nitrogen
and oxygen was displaced from the solution. The amount of hydro-
gen lost from the bubbles can be evaluated by a simple diffusion
approximation: of hydrogen diffusing into the solution assuming
that the bubble-solution interface is planar and stationary. A sim-
ilar analysis can be carried out for nitrogen and oxygen. Solution of
Fick’s second law for hydrogen allows evaluation of the concentra-
tion of the hydrogen from:
Cðx;tÞ ¼ Cð0Þerfc x
2
ffiffiffiffiffi
Dt
p
 
ð12Þ
where C(x, t) is the concentration at position x after time t, C(0) is the
initial concentration at x = 0 and is assumed to remain constant (a
simplifying assumption), erfc is the complementary error function
and D is the diffusion coefficient. The values of the diffusion coeffi-
cients for hydrogen, nitrogen and oxygen at 25 C are DH2 = 4500 -
lm2 s1 [55], DN2 = 2010 lm2 s1[56] and DO2 = 2200 lm2 s1
[56]. For the solution in the burette (of diameter d = 10.4 mm), if
it is assumed that hydrogen evolved continuously, the concentra-
tion of hydrogen for the solution next to the burette wall was esti-
mated to be 96% of the concentration of hydrogen in the bubbles
after 14 days. This indicates that the solution in the burette was sat-
urated with hydrogen after 14 days. Similarly, the diffusion profiles
for nitrogen and oxygen are also flat corresponding to equilibrium
and the displacement of oxygen and nitrogen from the solution
by the hydrogen. It was estimated that 200 mL of the solution
was saturated with hydrogen after 14 days which comprised:
60 mL solution in the burette, 70 mL solution in the funnel and
70 mL solution between the bottom of funnel and the bottom of
the beaker. As the hydrogen was dissolved in the solution, nitrogen
and oxygen were displaced. The change in volume was estimated
from:
VHT;D ¼ 200x½ðK14;H2  K0;H2ÞbH2  ðK0;N2  K14;N2ÞbN2
 ðK0;O2  K14;O2ÞbO2T0=ðAtLT1Þ ð13Þ
where K0,H2, K0,N2 and K0,O2 are the partial pressures of H2, N2 and O2
at t = 0, with values 0, 0.8 and 0.2 atm respectively; and K14,H2,
K14,H2 and K14,H2 are the partial pressures of H2, N2 and O2 at
t = 14 days which could be calculated from the initial volume of
air (5 mL) in the burette and the evolved hydrogen after 14 days;
b is the Bunsen solubility coefficient defined as the volume of gas
(STP) absorbed per unit volume of liquid at the temperature of
the measurement when the partial pressure of the gas is one atmo-
sphere; bH2 = 0.015 mL H2 (STP)/mL H2O [57], bN2 = 0.0118 mL N2
(STP)/mL H2O [58] and bO2 = 0.0234 mL O2 (STP)/mL H2O [58];
T0 = 273 K and T1 = 298 K.
2.5. Electrochemical measurements
An electrochemical impedance spectra (EIS) was measured
approximately daily during the immersion test, in the frequency
range from 10 mHz to 987 kHz (for specimens from ingot A) and
10 mHz to 100 kHz (for specimens from ingot B) with an AC ampli-
tude of 8 mV. The polarisation resistance, RP (O cm2), was fitted
using the software of ZView-3.0 (by Scribe Associates, Inc., USA),
and evaluated as the resistance at the lowest frequency. Cathodic
polarisation curves were measured in the range from Ecorr + 30 mV
to Ecorr  300 mV at a scan rate of 10 mVmin1, after 14 days
immersion in the solution. The Levenburg–Marquardt (LEV) meth-
od [21,59–61] was used to fit the polarisation curves between
Ecorr + 20 mV to Ecorr  170 mV, and to evaluate the corrosion cur-
rent density, icorr (mA cm2) using the software of CorrView-3.0
(by Scribe Associates, Inc., USA). The Levenburg–Marquardt (LEV)
method fits the measured curve (i.e. values of potential E and cur-
rent density i) to the following equation:-
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Fig. 3. Instantaneous corrosion rate PH during immersion of specimens from ingot A
at the open circuit potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for
14 days at 25 ± 2 C.
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EEcorr
ba þ 10EEcorrbc
 
ð14Þ
and evaluates icorr, and the anodic and cathodic Tafel slopes, ba and
bc. Shi and Atrens [21] and Qiao et al. [22] found that the LEV and
Tafel fitting were comparable. The LEV fitting had the advantage
of being able to provide a value of the anodic Tafel slope. The corro-
sion current density, icorr/EIS (mA cm2) was derived from the polar-
isation resistance, RP (O cm2), by [52,62,63]:
icorr ¼ bcba2:3RPðbc  baÞ
¼ B
RP
ð15Þ
The instantaneous corrosion rate, Pi (mm y1), was determined
from the corrosion current density, icorr (mA cm2) or icorr/EIS
(mA cm2) using [2,21]:
Pi ¼ 22:85icorr ð16Þ
This measurement covers the whole surface of the specimen, just
like weight loss or hydrogen evolution measurement.3. Results, ingot A
3.1. Hydrogen evolution, plug-in specimens
Fig. 2 presents the evolved hydrogen volume during the immer-
sion tests in 3.5% NaCl solution saturated with Mg(OH)2 for 14 days
for the UP Mg plug-in specimens from ingot A. There was a signif-
icant difference in the rate of hydrogen evolution for the four spec-
imens, with A1 having the highest hydrogen evolution rate. For all
specimens, the evolved hydrogen volume increased approximately
linearly with increasing immersion time, although the hydrogen
evolution rate increased more quickly in the last day for A1, and
decreased somewhat in the last day for A2.
Fig. 3 present the corresponding instantaneous corrosion rate,
PH, evaluated from the slope of the daily hydrogen evolution rate
using Eq. (10). For plug-in specimen A1, the corrosion rate could
be described as decreasing from the initial value of 0.90 mm y1
to 0.60 mm y1, with some scatter around this trend, and then
the corrosion rate increased to1.38 mm y1 during the last day.
For A2, the corrosion rate was lower than that of A1, and the cor-
rosion rate decreased slightly for the whole immersion test, in a
manner similar to A1. For both A3 and A4, the corrosion rate was
lower than that of A1 and A2, and the corrosion rate decreased in0 2 4 6 8 10 12 14
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Fig. 2. Hydrogen evolution volume during immersion of specimens from ingot A at
the open circuit potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for
14 days at 25 ± 2 C.
-12-the second day and remained almost constant till the end of the
test.
Tables 3a and 3b presents the data for the average corrosion
rate, PAH (mm y1), the error ePAH (mm y1), and the instantaneous
corrosion rate of the last day of the immersion test, PH (mm y1).
The magnitude of the corrosion rate, PAH, could be characterised
by the following increasing sequence for the UP Mg plug-in speci-
mens: A3, A4, A2, and A1.3.2. Electrochemical measurements, plug-in specimens
EIS spectra for specimens from ingot A fitted the shapes given in
Fig. 4a or Fig. 5a. The results of the fitting are presented in Table 4.
Fig. 4a illustrates a typical Nyquist plot with the two capacitive
loops (CP): one CP was at high frequencies (HF) and the other CP
was at low frequencies (LF). Fig. 4b shows the corresponding
equivalent circuit; Rs is the solution resistance, Rf is the film resis-
tance, Rt is the charge transfer resistance, and C1 and C2 are con-
stant phase elements in parallel with the resistive elements. Each
constant phase elements has a capacitance (designated for exam-
ple as C1,T) and an associated phase angle (designated for example
as C1,P). Fig. 4c illustrates the physical model; there is a partly pro-
tective film, which tends to become more protective with increas-
ing immersion time. Fig. 4a includes values of the frequencies used
in the EIS measurements. These frequencies were typical of this
type of Nyquist plots. Similarly typical frequencies were included
for Fig. 5a.
Fig. 5a shows a typical Nyquist plot with three arcs: a capacitive
loop (CP) at high frequencies (HF), a capacitive loop (CP) at med-
ium frequencies (MF) and an inductive loop (IP) at low frequencies
(LF). Fig. 5b shows the corresponding equivalent circuit. There are
additional elements in parallel to the elements in Fig. 4b. The addi-
tional elements relate to localised corrosion events including
micro-galvanic corrosion. If most of the current flow is associated
with the localised corrosion events, the equivalent circuit can be
simplified to that in Fig. 5c, which was proposed by Guadarrama-
Munoz et al. [64]. Fig. 5d illustrates the physical model; Rfp is the
resistance in the film above the localised corrosion event or
micro-galvanic event, C3 the associated constant phase element
in parallel, Rtp is the charge transfer resistance associated with
the localised corrosion events and micro-galvanic events, C4 the
associated constant phase element in parallel, and L the associated
inductive element in parallel.
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-13-Fig. 6 presents typical EIS data as Nyquist plots during the
immersion tests in 3.5% NaCl saturated with Mg(OH)2 for 14 days
for the UP Mg plug-in specimens from ingot A. The shape of the
complex diagram changed with immersion time and indicated
how the surface changed with immersion time.
Fig. 6a presents the EIS Nyquist plots for A1. The 13th day Ny-
quist plot corresponded to type Fig. 5a. The shape of all the other
Nyquist plots was similar, and corresponded to type Fig. 4a. This
does include the Nyquist plot for 6 h, because there was a small
second capacitive loop. The diameter of the arcs changed during
the immersion time. The diameters of the arcs at the beginning
were small, increased in 6 h, reduced somewhat in the first day,
remained similar until the 9th day, shrank in the 13th day, and
remained similar in the 14th day. An inductive loop appeared
at low frequencies in the 13th and 14th day EIS Nyquist plots.
The fitted data in Table 4a show the same trend as in Fig. 6a.
The film resistance, Rf, and charge transfer resistance, Rt, both
reached a maximum at 6 h, reduced somewhat in the first day,
remained similar until the 9th day, decreased in the 13th day
and remained similar in the 14th day.
Fig. 6b presents the EIS Nyquist plots for A2. The shape of the
Nyquist plots was similar, and each corresponded to type Fig. 4a.
The diameters of the capacitance arcs reached a stable state in
the first day, remained almost constant for the following days,
and increased quickly in the last two days of the test. The fitting
data of Rf and Rt in Table 4b provide the details. The Nyquist plots
for A3 were similar and are not presented.
Fig. 6c presents the EIS Nyquist plots for A4. The shape of the
Nyquist plots was similar and each corresponded to type Fig. 4a.
The diameters of the capacitance arcs increased in the first day,
reached a maximum value in the 3rd day, decreased till the 7th
day, increased in the 8th day and remained almost constant for
the rest of the immersion test. The fitting data of Rf and Rt in
Table 4c indicate the details of the trend.
Table 5 presents the values of the corrosion rate, Pi,EIS, ob-
tained from the EIS data from the UP Mg plug-in specimens of In-
got A at the end of the14 day test immersed in 3.5% NaCl solution
saturated with Mg(OH)2, in order to allow for direct comparison
with the data calculated form the polarisation curves, Pi. The
polarisation resistance, RP, was obtained from the EIS plot at
the lowest frequency. The corresponding corrosion current den-
sity, icorr/EIS, was obtained using Eq. (15), with ba and bc obtained
from the LEV fitting of the polarisation curves. These values of the
corrosion rate, Pi,EIS,, are also included in Table 3a to allow com-
parison with the corrosion rate evaluated from hydrogen evolu-
tion, PH.
Fig. 7 shows the cathodic polarisation curves measured after
14 days immersion in 3.5% NaCl solution saturated with Mg(OH)2
for the UP Mg plug-in specimens from ingot A. There were signif-
icant differences between the polarisation curves. Furthermore,
the polarisation curves were curved as in often the case for Mg
[51]. Furthermore, the curvature was such that for increasingly
negative applied potential a lower current density was measured
than would be expected if there was a single Tafel relationship
commencing as expected at a potential more than 70 mV from
Ecorr. Such behaviour cannot be explained by multiple Tafel con-
stants, but is consistent with an increasing surface resistance
due to the formation of Mg(OH)2 corrosion product on the Mg
surface as expected from the overall corrosion reaction given by
Eq. (1). This hypothesis was consistent with the EIS data. As a
consequence, the LEV fitting of the polarisation curve was limited
to the region where there was expected to be least influence of
the corrosion products on the surface.
Examination of various fitting possibilities indicated that the
probable error in icorr (and consequently Pi) was likely to be less
than about ±20%.
Table 3b
Calculations regarding hydrogen for UP Mg specimens from ingot A immersed at the OCP in 3.5% NaCl solution saturated with Mg(OH)2 for 14 days at 25 ± 2 C. The mass of
dissolved hydrogen,mH, was evaluated as that corresponding to the difference between PW and PAH. A corrected corrosion rate, P
0
W , was calculated based on this mass of hydrogen
increasing the weight of the specimen after the immersion tests. P00W was calculated based on the assumption that all mH formed MgH2, which reacted with water. Please see
discussion in Section 5.1.
Type Specimen PW (mm y1) PAH (mm y1) mH (g) P0W (mm y
1) mMgH2 (g) P00W (mm y
1)
Plug-in A1 1.46 0.77 0.0015 1.52 0.0175 0.72
A2 0.50 0.41 0.0003 0.50 0.0031 0.40
A3 0.53 0.09 0.0014 0.57 0.0166 0.06
A4 0.71 0.22 0.0020 0.76 0.0233 0.19
Fishing line A1a 0.23 0.13 0.0001 0.24 0.0012 0.12
A1b 0.39 0.22 0.0001 0.41 0.0018 0.21
A2a 0.19 0.12 0.0001 0.20 0.0011 0.12
A2b 0.28 0.18 0.0001 0.28 0.0015 0.17
A3a 0.18 0.07 0.0002 0.19 0.0021 0.06
A3b 0.24 0.13 0.0002 0.25 0.0020 0.12
A4a 0.24 0.13 0.0002 0.25 0.0025 0.12
A4b 0.15 0.10 0.0001 0.16 0.0012 0.10
F. Cao et al. / Corrosion Science 75 (2013) 78–99 85Table 5 presents the parameters obtained from the LEV fitting of
these polarisation curves. The evaluated corrosion rates, Pi, are
plotted in Fig. 8, and are included in Tables 3a and 5. Fig. 8 also in-
cludes data from ingot B to facilitate comparison. The evaluated
corrosion rates, Pi, were in good agreement with those evaluated
from EIS, Pi,EIS, but there was not good agreement with those eval-
uated from the evolved hydrogen, PH, and moreover the rank order
of the corrosion rates for the alloys was different.
Fig. 9 presents the corrosion rate measured from EIS, Pi,EIS,
during the immersion test, evaluated using the values of ba and
bc evaluated from the polarisation curves at the end of the immer-
sion test, because there was no information regarding the change
of these quantities during the immersion test. Fig. 9 showed that
Pi,EIS was lower than PH for each specimen. The order of the corro-
sion rates as measured by Pi,EIS was the same as for PAH; namely the(a)
(b)
(c)
Fig. 4. EIS data fitting of the first type for EIS data measured during immersion of
specimens at the open circuit potential (OCP) in 3.5% NaCl solution saturated with
Mg(OH)2 for 14 days at 25 ± 2 C; (a) Nyquist plot of B3 at 14 day; HF = high
frequency range; LF = low frequency range; (b) equivalent circuit; and (c) physical
model.
-14-corrosion rate could be characterised by the following increasing
sequence: A3, A4, A2 and A1.3.3. Weight loss, plug-in specimens
Table 3a presents the weight loss data for the plug-in specimens
and the fishing-line specimens from ingot A. The weight after
immersion testing before removal of corrosion products, Wawc,
was less than the weight before testing, Wb. This indicates that
some corrosion products dropped off the specimen during the
immersion test. The corrosion rate of the plug-in specimen A1,
PW, was larger than those of the other three plug-in specimens.
The corrosion rates of the plug-in specimens could be character-
ised by the following increasing sequence: A3  A2, A4, A1. This se-
quence was different to the sequence for the corrosion rate of the
plug-in specimens as determined by hydrogen evolution. There
was agreement however that the corrosion rate of plug in speci-
men A1 was somewhat greater than the corrosion rates of the
other three plug-in samples.
Fig. 8 shows that there was not good agreement between the
corrosion rate measured from weight loss, PW, and that measured
by the other measures of corrosion rate.3.4. Hydrogen evolution, fishing-line specimens
Tables 3a and 3b includes the data for the average corrosion
rate, PAH (mm y1) and the instantaneous corrosion rate of the last
day of the test, PH (mm y1). The average corrosion rate was high-
est for A1a and A1b equal to PAH = 0.17 ± 0.05 mm y1. The average
corrosion rate was essentially the same for all the other specimens
and was equal to PAH = 0.12 ± 0.03 mm y1; this behaviour was
similar to that of the corrosion rate measured by weight loss.3.5. Weight loss, fishing-line specimens
Table 3a presents the weight loss data for the fishing-line spec-
imens. The weight after immersion testing before removal of corro-
sion products, Wawc, was less than the weight before testing, Wb.
This was the same tendency as for the plug-in specimens, and indi-
cates that some corrosion products dropped off the specimen dur-
ing the immersion test.
The corrosion rate of the fishing line specimens A1a and A1b
was similar, and the average value, PAW = 0.31 ± 0.08 mm y1, was
somewhat larger than those of the other fishing line specimens,
which had an average value PAW = 0.21 ± 0.04 mm y1.
(a)
(b)
(c)
(d)
Fig. 5. EIS data fitting of the second type for EIS data measured during immersion of
specimens at the open circuit potential (OCP) in 3.5% NaCl solution saturated with
Mg(OH)2 for 14 days at 25 ± 2 C: (a) Nyquist plot of A1 at 13 day; HF = high
frequency range; MF = middle frequency range; LF = low frequency range;
CP = capacitive loop; IP = inductive loop; (b) equivalent circuit; (c) simplified
equivalent circuit; and (d) physical model.
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Fig. 10 presents images of the typical corroded surfaces for UP
Mg specimens from ingot A. Fig. 10a presents the appearance of
the corroded surface of A1, the specimen with the highest corro-
sion rate. There were some areas that appeared to be the original
surface, somewhat corroded by shallow corrosion pits. Some area
had suffered somewhat deeper corrosion. There were a number
of locations that had corroded with this appearance. A large part
of surface was corroded in the form of shallow hills and valleys,
with a polished smooth surface on which there was traces consis-
tent with filiform corrosion. There were also features that were
either twins or magnesium hydride, MgH2.
Fig. 10b presents the appearance of the corroded surface of A2.
The surface was corroded to produce a polished surface of shallow-15valleys and hills on which there was some filiform corrosion. This
was similar to the largest part of the surface of A1 as shown in
Fig. 10a. There were no areas of deeper corrosion.
Fig. 10c presents the appearance of the corroded surface of the
fishing-line specimen A3a. There was superficial attack over the
whole surface in the form of shallow depressions that had linked
up. In some places the original surface remained, with pits, some-
what higher than the rest of the surface.4. Results, Ingot B
4.1. Hydrogen evolution
Fig. 11 presents the evolved hydrogen volume during the
immersion tests in 3.5% NaCl solution saturated with Mg(OH)2 for
14 days for the UP Mg plug-in and fishing-line specimens from in-
got B. For all specimens, the evolved hydrogen volume increased
approximately linearly with increasing immersion time. B2 evolved
the largest volume of hydrogen and B1 evolved a medium volume.
The evolved hydrogen was similar for the other four specimens.
Fig. 12 presents the corresponding instantaneous corrosion rate,
PH. PH for B2 was 0.5 mm y1 and for B1 was 0.3 mm y1, were
larger than the other four specimens. PH for B1 decreased in the
first two days, and then remained almost constant with a slight in-
crease at the end of the test. PH for B2 changed slowly throughout
the immersion test within a small range. For B3, the corrosion rate
decreased from 0.2 mm y1 to 0.07 mm y1 in the first two days,
fluctuated around 0.07 mm y1, and increased in the last day, to
0.1 mm y1. For the three fishing-line specimens, the corrosion rate
decreased in the first two days and then remained almost constant
till the end of the test.
Table 6 presents the data for the average corrosion rate PAH
(mm y1) and the instantaneous corrosion rate of the last day of
the immersion test, PH (mm y1).4.2. Electrochemical measurements
Fig. 13 presents the EIS Nyqusit plots during the immersion
tests in 3.5% NaCl solution saturated with Mg(OH)2 for 14 days
for the UP Mg plug-in specimens from ingot B. Table 7 presents
the fitted parameters.
Fig. 13a presents the EIS Nyquist plots for B1. The Nyquist plots
from the second day to the 7th day corresponded to type Fig. 5a,
although the first capacitive loop shrank and disappeared. The
other Nyquist plots corresponded to type Fig. 4a. The diameter of
the arcs changed during the immersion time. The diameters in-
creased in the first day, shrank in the second and third day, re-
mained stable until the 7th day, and increased till the end of the
test. The inductive loop appeared in the second day, became less
obvious, and disappeared after the 7th day.
Fig. 13b presents the EIS Nyquist plots for B2. The Nyquist
curves from the 4th day to the 8th day corresponded to type
Fig. 5a. The shape of the other Nyquist plots was similar, and cor-
responded to type Fig. 4a. The diameters of the arcs increased in
the first day, decreased in the fourth day, from the 8th day it in-
creased steadily till the 10th day and then kept stable till the end
of the immersion test.
Fig. 13c presents the EIS Nyquist plots for B3. The shape of all
the Nyquist plots was similar, and corresponded to type Fig. 4a.
The diameter of the arcs changed during the immersion time. At
the beginning of the test, the diameter was small, increased till
the 4th day, remained constant for five days, increased till the
12th day, and decreased in the 14th day.
Table 8 presents the values of the corrosion rates, Pi,EIS, obtained
from the EIS data from the UP Mg plug-in specimens at the end of-
Table 4
Data from EIS fitting for immersion at the OCP in 3.5 % NaCl solution saturated with Mg(OH)2 at 25 ± 2 C for plug-in specimens from ingot A: (a) A1, (b) A2 and (c) A4.
Time Rs
(O cm2)
Rf or Rfp
(O cm2)
C1,T
(106 F cm2)
C1,P Rt or Rtp
(O cm2)
C2,T
(106 F cm2)
C2,P L
(H cm2)
RP
(O cm2)
icorr
(lA cm2)
Pi,EIS
(mm y1)
2Pi,EIS/
PW
(a) A1
6 h 32 5791 6.78 0.92 2790 135 0.81 5265 5.2 0.12 0.2
2 d 13 3148 2.05 0.83 2072 262 0.59 5722 4.8 0.11 0.2
3 d 18 3172 2.33 0.81 2312 177 0.69 5417 5.0 0.11 0.2
4 d 11 3341 2.48 0.79 4150 368 0.47 6087 4.5 0.10 0.1
5 d 64 2928 2.14 0.79 4000 362 0.65 6122 4.4 0.10 0.1
7 d 29 2693 1.73 0.83 3200 293 0.49 5660 4.8 0.11 0.2
8 d 15 3100 3.32 0.74 2869 303 0.54 5921 4.6 0.10 0.1
9 d 16 2566 3.47 0.74 2506 111 0.71 4907 5.5 0.13 0.2
10 d 17 2061 3.11 0.75 2112 145 0.66 4095 6.6 0.15 0.2
12 d 22 2126 1.96 0.79 1204 66 0.81 2909 9.4 0.21 0.3
13 d 31 1023 42 0.72 590 0.93 0.87 4718 1189 22.9 0.52 0.7
14 d 37 1223 65 0.68 623 1 0.87 2285 1182 23.0 0.52 0.7
Rs (O cm2) Rf (O cm2) C1,T (106 F cm2) C1,P Rt (O cm2) C2,T (106 F cm2) C2,P RP (O cm2) icorr (lA cm2) Pi,EIS (mm y1) 2Pi,EIS/PW
(b) A2
6 h 56 3998 281 0.79 2402 14 0.90 6286 5.0 0.11 0.4
1 d 32 4500 375 0.90 2800 12 0.93 7239 4.4 0.10 0.4
4 d 147 6431 341 0.81 3614 19 0.85 9259 3.4 0.08 0.3
6 d 254 5638 448 0.88 4512 29 0.81 9851 3.2 0.07 0.3
7 d 400 5270 38 0.76 4084 605 0.89 8563 3.7 0.08 0.3
8 d 500 5400 50 0.73 3231 790 0.93 8147 3.9 0.09 0.4
9 d 550 6000 47 0.75 1346 1290 1 6368 4.9 0.11 0.4
10 d 580 6000 1380 0.17 6794 54 0.77 7559 4.2 0.10 0.4
11 d 600 7600 1540 0.06 7690 38 0.80 7384 4.3 0.10 0.4
13 d 44 12,668 39 0.60 8529 2 0.85 20,924 3.4 0.03 0.1
14 d 50 22,812 23 0.77 12,708 1 0.81 29,206 1.5 0.02 0.1
(c) A4
1 d 26 5541 2.0 0.82 5514 214 0.45 9533 2.6 0.06 0.2
2 d 19 3414 1.4 0.88 5413 4.3 0.53 11,671 2.2 0.05 0.1
3 d 15 7183 1.5 0.84 10,887 116 0.47 16,060 1.6 0.04 0.1
4 d 55 5446 1.3 0.85 9871 97 0.45 13,209 1.9 0.04 0.1
5 d 8 5401 1.3 0.85 8401 80 0.46 12,250 2.0 0.05 0.1
6 d 100 5405 1.6 0.79 5032 101 0.66 9733 2.6 0.06 0.2
7 d 61 4162 1.6 0.78 4320 93 0.73 8264 3.0 0.07 0.2
8 d 9 6259 1.2 0.86 8168 46 0.50 13,971 1.8 0.04 0.1
9 d 2 6125 1.2 0.85 6512 63 0.47 11,942 2.1 0.05 0.1
10 d 64 5844 1.2 0.85 6502 58 0.48 12,222 2.1 0.05 0.1
11 d 6 5987 1.1 0.85 6650 62 0.47 12,068 2.1 0.05 0.1
12 d 6 5786 1.1 0.85 5784 62 0.47 11,478 2.2 0.05 0.1
13 d 5 5524 1.1 0.85 6630 51 0.48 11,072 2.3 0.05 0.1
14 d 11 5555 1.0 0.86 7265 39 0.49 13,372 1.9 0.04 0.1
F. Cao et al. / Corrosion Science 75 (2013) 78–99 8714 days test in 3.5% NaCl solution saturated with Mg(OH)2, allow-
ing direct comparison with the data calculated from the polarisa-
tion curves, Pi.
Fig. 14 presents the cathodic polarisation curves measured after
14 days immersion in 3.5% NaCl solution saturated with Mg(OH)2
for the three UP Mg plug-in specimens from ingot B. These cathodic
polarisation curves were also curved, similar to those in Fig. 7. The
polarisation curves of B1 and B2 were similar and different to that
of B3. This large difference was similar to that for specimens from
ingot A in Fig. 7. Table 8 presents the parameters from fitting these
polarisation curves using LEV fitting. The evaluated corrosion rates,
Pi, are included in Fig. 8, and also included in Tables 6 and 8. The
evaluated corrosion rates, Pi, were in good agreement with those
evaluated from EIS, Pi,EIS, but both were smaller than those from
the evolved hydrogen, PH.
Fig. 15 presents the instantaneous corrosion rate obtained from
EIS, Pi,EIS, during the immersion test. Fig. 15 shows that Pi,EIS of B1
was larger than PH for the first 8 days and was then smaller. Pi,EIS
of B2 and B3 was smaller than PH. Fig. 15 shows that the Pi,EIS of
all the specimens had the same trend as PH.
4.3. Weight loss
Table 6 presents the weight loss data for the plug-in specimens
and the fishing-line specimens from ingot B. The corrosion rate of-16-B1 and B2 was 0.75 ± 0.10 mm y1, which was larger than the cor-
rosion rate (0.25 ± 0.10 mm y1) of B3 and the three fish-line spec-
imens. The corrosion rates of the plug-in specimens could be
approximately characterised by the following increasing sequence:
B3, B1, B2, which was the same as corrosion rate sequence deter-
mined from the hydrogen evolution. Fig. 8 shows that PW was lar-
ger than the corrosion rates measured by other methods.
Fig. 16 shows the corrosion rates PAH, PH, Pi and Pi,EIS plotted
against the corrosion rate PW for the plug-in UP Mg specimens from
ingot B and ingot A. The data should all fall on the line drawn in the
figure, if all the measures of the corrosion rate measured the same
quantity. The line in the figure is purely as an aide to the eye, to
show the condition of equality. Fig. 16 shows that PW was larger
than the other corrosion rates, especially the corrosion rates from
the electrochemical methods.
4.4. Influence of surface treatments
Fig. 17 presents the evolved hydrogen volume during the
immersion tests in 3.5% NaCl solution saturated with Mg(OH)2
for 14 days for the UP fishing-line specimens with the different
surface treatments. B7a, B7b and B8a evolved the largest hydrogen
volume, which increased almost linearly with immersion time.
B8b, B9b, B10a, B10b and B11a evolved a medium hydrogen
volume, which also increased almost linearly with the immersion
Fig. 6. EIS Nyquist plots during immersion at the OCP in 3.5% NaCl solution
saturated with Mg(OH)2 for 14 days at 25 ± 2 C of the UP Mg plug-in specimens of
ingot A: (a) A1, (b) A2, and (c) A4.
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Fig. 7. Cathodic polarisation curves for the UP Mg plug-in specimens of ingot A at
the end of the 14 day immersion at the OCP in 3.5% NaCl solution saturated with
Mg(OH)2 at 25 ± 2 C.
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Fig. 8. Comparison of the corrosion rates evaluated from weight loss, hydrogen
evolution, and corrosion current density measured from cathodic polarisation
curves and EIS, for the UP Mg plug-in specimens of ingot A and B immersed at the
OCP in 3.5% NaCl solution saturated with Mg(OH)2 for 14 days at 25 ± 2 C. PH, Pi and
Pi,EIS pertain to the 14th day of the immersion test. PW and PAH are average values
over the whole duration of the test. PH, Pi, Pi,EIS, PW and PAH is each an are average
over the whole specimen.
88 F. Cao et al. / Corrosion Science 75 (2013) 78–99time. B9a and B11b evolved a small amount of hydrogen, which in-
creased in the first 7 days and then remained almost constant.
Fig. 18 presents the corresponding instantaneous corrosion rate,
PH, evaluated from the daily hydrogen evolution rate using Eq. (10).
For B7a, the corrosion rate increased in the first four days, in-
creased to a maximum in the following four days and then de-
creased till the end of the test. For B8a, PH increased in the first
three days, decreased to 0.32 mm y1 and remained similar for
the rest of the immersion test. For B8b, B9a, B9b, B10a, B10b,
B11a and B11b, the corrosion rate decreased in the first two days
and then was around PH = 0.1 mm y1 for the rest of the immersion
test. For B9a and B10b, PH was low for the last 6 days.
Table 9 includes the data for the average corrosion rate, PAH
(mm y1) and the instantaneous corrosion rate during the last
day of the test, PH (mm y1). The average corrosion rate for B7a,b
and B8a,b, PAH was equal to 0.20 ± 0.10 mm y1, and
0.10 ± 0.05 mm y1 for B9a,b, B10a,b and B11a,b. Table 9 alsoTable 5
Electrochemical parameters obtained by Tafel fitting of polarisation curves and from pola
immersion at the OCP in 3.5% NaCl solution saturated with Mg(OH)2 at 25 ± 2 C.
Type Specimen Ecorr
(VAg/AgCl sat KCl)
LEV fitting
ba (mV decade1) bc (mV decade1) icorr (lA cm
Plug-
in
A1 1.5496 82 260 22.4
A2 1.2988 120 183 0.98
A3 1.6198 26 303 2.81
A4 1.3964 90 160 2.22
-17presents the corrosion rate PW, which was larger than PAH. For
B7a,b and B8a,b, PW was 0.37 ± 0.16 mm y1 and for B9a,b,
B10a,b and B11a,b, PW was 0.25 ± 0.11 mm y1.
4.5. Corroded surface appearance
Fig. 19 presents a typical back scattered SEM image of the sur-
face for the specimens of ingot B before the immersion test, dia-
mond polished and etched using a solution that contained 1 mL
HNO3, 20 mL acetic acid, 20 mL H2O and made up to 100 mL using
ethanol. There were no particles or cavities in the matrix.risation measured by EIS for UP Mg specimens from ingot A during the 14th day of
EIS
2) Pi (mm y1) B (mV decade1) Rp (O cm2) icorr (lA cm2) Pi,EIS (mm y1)
0.51 27.2 1185 22.95 0.52
0.02 31.5 29,224 1.08 0.02
0.06 10.4 6746 1.54 0.04
0.05 25.1 13,389 1.87 0.04
-
0 2 4 6 8 10 12 14
0.01
0.1
1
 A1   A2   A3   A4
P H
 a
nd
 P
i,E
IS
 (m
m
 y
-1
)
Time (d)
Fig. 9. Instantaneous corrosion rate PH and Pi,EIS during immersion at the OCP in
3.5% NaCl solution saturated with Mg(OH)2 for 14 days at 25 ± 2 C for the UP Mg
plug-in specimens of ingot A. Full symbols pertain to PH, whereas open symbols
pertain to Pi,EIS.
Fig. 10. Surface appearance after immersion at the OCP in 3.5% NaCl solution
saturated with Mg(OH)2 for 14 days at 25 ± 2 C and after removal of the corrosion
products for the specimens of ingot A: (a) A1, (b) A2, and (c) A3a.
F. Cao et al. / Corrosion Science 75 (2013) 78–99 89Fig. 20 provides the images of typical corroded UP Mg speci-
mens from ingot B after 14 days immersion in 3.5% NaCl solution
saturated with Mg(OH)2. In all cases except for B1 and B2, there
was only superficial corrosion in the form of pits, usually isolated.
For both B1 and B2 there was also superficial attack over most of
the specimen. In addition there were areas of deeper corrosion in
the form of long shallow valleys and some deeper corrosion area.
Fig. 20a–c present the appearance of the corroded surface of B1.
There were many small cavities in the lightly corroded areas as
illustrated in Fig. 20a and b. The diameter of the cavity was
90 lm in Fig. 20b. There was a 0.10 mm2 area that had suffered
greater corrosion; the depth of the deepest part was 3.2 mm, as
shown in Fig. 20a and c.
Fig. 20d presents the appearance part of the corroded surface of
B2. Most of the surface contained some filiform corrosion and some
cavities whose diameter was about 200 lm. A 0.14 cm2 area suf-
fered deeper corrosion. The topography was like a river across the
specimen, and the depth of some part reached 1.8 mm.
Fig. 20e presents the appearance of the corroded surface of B3.
The appearance was similar to that of A3a in Fig. 10c. There was
some superficial corrosion in the form of isolated pits that joined
up. When the pits became larger, the surface appearance was con-
sistent with chemical polishing.
Fig. 20f presents the appearance of the corroded surface of B4.
There was some original surface with essentially no corrosion.
Most of surface had suffered shallow isolated pits. The pit surface
became smoother as the pits became larger. Some pits had lamel-
lae attack somewhat similar to that reported by Qiao et al. [22].
Fig. 21 presents the appearance of the corroded surface of B7a.
There was some original surface with small isolated pits. The
appearance of grinding marks on the surface was consistent with
chemical polishing during corrosion.5. Discussion
5.1. Corrosion rates
Tables 3a, 3b and 6, and Figs. 8 and 16, indicate that the corro-
sion rate measured by weight loss, PW, was larger than the corro-
sion rate measured by hydrogen evolution, PAH. This is
interpreted as indicating that some hydrogen dissolved into the
specimens during the immersion test, as has been found in prior
research [16,22]. A qualitative measure of the quantity of hydrogen-18-dissolved into the specimen can be evaluated by the quantity, QH,
given by
QH ¼ ðPW  PAHÞ=PW ð17Þ
The value of QH was variable. This implies differences in dissolved
hydrogen, and may imply subtle differences in condition for these
plug-in specimens, particularly surface conditions.
Tables 3a, 3b and 6 indicate that there was good agreement
between the corrosion rate measured by LEV extrapolation of the
polarisation curves, Pi and the corrosion rate measured by EIS,
Pi,EIS. However, both Pi and Pi,EIS were significantly smaller than
the corrosion rate measured by hydrogen evolution, PH. These
quantities were all measured at the end of the immersion test so
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Fig. 11. Hydrogen evolution volume during immersion of specimens from ingot B
at the open circuit potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2
for 14 days at 25 ± 2 C.
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Fig. 12. Instantaneous corrosion rate PH during immersion of specimens from
ingot B at the open circuit potential (OCP) in 3.5% NaCl solution saturated with
Mg(OH)2 for 14 days at 25 ± 2 C.
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90 F. Cao et al. / Corrosion Science 75 (2013) 78–99that it is valid to compare them directly. The fact that Pi and Pi,EIS
were smaller than PH is consistent with the corrosion mechanism
involving the uni-positive Mg+ ion, as presented above in Eqs.
(2)–(5). In our prior research [21,22] the apparent valence was
evaluated using an equation equivalent to
Ve ¼ 2PiPH ð18Þ
where it was assumed that the instantaneous corrosion rate, Pi, was
a good measure of that part of the total corrosion rate as given by
Eqs. (2) and (3) and as can be measured using electrochemical
methods, and that the instantaneous corrosion rate, PH was a good
measure of the total corrosion, as given by Eq. (1) and as also mea-
sured by PW. Values of Ve are included in Tables 3a and 6. Most of
the values were less than 1.0 indicating that there were mecha-
nisms active in addition to that involving the uni-positive Mg+
ion. In addition, in the present research, PH was not a good measure
of the total corrosion, as evident by a comparison of PAH and PW, in
Tables 3a, 3b and 6.
In our prior work [21,22] it was felt important that the two dif-
ferent measures of corrosion rate in Eq. (18) were measured at the
same time, because both could change with time. In this work,-19-
F. Cao et al. / Corrosion Science 75 (2013) 78–99 91Figs. 2 and 11 indicate a constant hydrogen evolution rate that
probably indicated a constant corrosion rate during those tests.
In those cases, the apparent valence can be calculated from
Ve ¼ 2PiPW ð19Þ
or
Ve ¼ 2Pi;EISPW ð20Þ
Values calculated with Eq. (19) are included in Tables 3a and 6,
yielding smaller values of the apparent valence, Ve. Values calcu-
lated using Eq. (20) included in Tables 4 and 7, also yielded values
of apparent valence typically less than 1.0.
The errors of the corrosion rate PW and PAH were calculated
using Eqs. (9) and (11), and were listed in Table 3a. The error eWb
was considered to be 0.0001 g, which was the accuracy of the elec-
tronic balance. The error eWa was assessed experimentally to be
0.0003 g, due to the slight differences in adsorbed water for the
specimens before and after immersion testing due to the fact that
the specimen was stored 1 day before weighing before
immersion testing, whereas the specimen was weighed after the(a)
(b)
(c)
Fig. 13. EIS Nyquist plots during the immersion at the OCP in 3.5% NaCl solution
saturated with Mg(OH)2 for 14 days at 25 ± 2 C of the UP Mg plug-in specimens of
ingot B: (a) B1, (b) B2, and (c) B3.
-20-immersion tests after washing and drying with warm and cold
air. The error eA was considered to be 0.05 mm, evaluated from
the error of measurement of the specimen dimensions, as mea-
sured using Vernier callipers; and etL was 10 min.
The ePW of plug-in specimens were smaller than that of fishing-
line specimens, which was due to the smaller size of fishing-line
specimens. In the calculating the error of PAH, the influence of
dissolved hydrogen, listed in Table 3a was so small that it could
be ignored. The eV was considered to be 0.1 mL, which was the
accuracy of the burette. Both ePW and ePAH were small compared
to PW and PAH.
Figs. 9 and 15 indicate that the values of Pi,EIS were similar in
magnitude throughout the immersion test. That is, they were not
small just at the end of the immersion test. This indicates that that
the only reliable measure of the corrosion rate was the weight loss
method. Each of the other methods measured corrosion rates that
were smaller than that measured by weight loss, and moreover
there was not good agreement between the corrosion rate mea-
sured by weight loss and the corrosion rate measured by the other
measurement techniques (hydrogen evolution and electrochemical
methods), as is evident from Fig. 8.
Table 3a indicates that PW  ePW > PAH + ePAH for all specimens.
This indicates that the difference between PW and PAH was larger
than the maximum possible error of measurement. The difference
between PW and PAH was attributed to some hydrogen dissolving
into the Mg matrix during the immersion test. The corresponding
mass of dissolved hydrogen, mH, was evaluated and is listed in
Table 3b. A corrected corrosion rate, P0W , was calculated and is in-
cluded in Table 3b, based on this mass of hydrogen increasing
the weight of the specimen after the immersion tests. Comparison
of PW and P
0
W indicates that the mass of dissolved hydrogen did not
make a significant change to the corrosion rate measured from
weight loss.
Table 10 provides a summary of PW and PAH for all the speci-
mens from ingot A and B. The average corrosion rate, PW, was sim-
ilar with the corresponding P0W . It was found that PW P
0
W  ePW was
larger than PAH + ePAH.
This means that corrosion of UP Mg is different to the corrosion
of Mg alloys where the hydrogen evolution method typically gives
a good measure of the corrosion rate [21], whereas there are often
issues with the measurement of the corrosion rate using Tafel
extrapolation [53].
Similar trends were also observed for HP Mg in Hank’s solution
[16], where the hydrogen evolution method also gave values of
corrosion rate significantly lower than measured by weight loss.
It is possible that the corrosion product film on UP Mg and HP
Mg provides less of a barrier to hydrogen entry compared with
the surface film on Mg alloys. In addition, the actual corrosion rates
were low, so that a small amount of hydrogen dissolved in the Mg
produced a significant error in PH.
The hydrogen entering the Mg specimen can be dissolved as lat-
tice hydrogen, or can react with Mg to form MgH2. However, it is
known that MgH2 is not stable in the presence of water, and reacts
chemically with water. This means that the following might be
possible: (i) PAH is less than PW because a mass of hydrogenmH dis-
solved in the specimen and was not evolved and measured as the
evolved hydrogen, (ii) PW was greater than PH because the hydro-
gen formed MgH2 which chemically reacted with water. To evalu-
ate possibility (ii), P00W was calculated based on the assumption that
all mH formed MgH2, which reacted with water. Table 3b and 6
indicate that P00W was essentially equal to PAH. This analysis shows
that a small amount of hydrogen, if it were to form MgH2, could
cause a significant amount of corrosion.
The electrochemical methods gave corrosion rates much lower
than the weight loss rates, and the apparent valence values were
low. This might be attributed to a partial decoupling of the
Table 7
Data from EIS fitting for immersion at the OCP in 3.5 % NaCl solution saturated with Mg(OH)2 at 25 ± 2 C for plug-in specimens from ingot B: (a) B1, (b) BA2 and (c) B3.
Time Rs
(O cm2)
Rf or Rfp
(O cm2)
C1,T
(106 F cm2)
C1,P Rt or Rtp
(O cm2)
C2,T
(106 F cm2)
C2,P L
(H cm2)
RP
(O cm2)
icorr
(lA cm2)
Pi,EIS
(mm y1)
2Pi,EIS/
PW
(a) B1
5 min 29 1302 285 0.83 2579 11 0.91 3514 13.3 0.30 0.9
6 h 20 1452 604 0.77 2006 14 0.92 3514 13.3 0.30 0.9
1 d 30 3340 15 0.94 4514 363 0.75 7424 6.3 0.14 0.4
2 d 25 1514 15 1.00 2375 22 0.87 20,000 3541 13.2 0.30 0.9
3 d 41 1955 22 1.00 1671 31 0.85 9286 2262 20.7 0.47 1.4
7 d 45 2253 17 1.00 1740 56 0.71 5587 2000 23.5 0.54 1.7
12 d 45 3843 539 1.00 10,870 27 0.68 13,560 3.5 0.08 0.2
13 d 46 8188 27 0.68 6229 297 1.00 12,888 3.6 0.08 0.2
14 d 90 10,869 26 0.68 6444 304 1.00 14,868 3.2 0.07 0.2
(b) B2
5 min 25 2414 12 0.90 2102 450 0.80 4465 10.9 0.25 0.6
6 h 17 2256 18 0.87 3561 469 0.88 6007 8.1 0.19 0.4
1 d 74 2419 17 0.88 4559 473 0.81 6432 7.6 0.17 0.4
2 d 34 3492 17 0.91 7053 405 0.75 9530 5.1 0.12 0.3
4 d 34 2287 16 1.00 858 50 0.83 9000 2839 17.2 0.39 0.9
7 d 34 3300 17 0.93 614 614 0.60 7896 3439 14.2 0.32 0.8
8 d 32 3699 21 0.87 1301 1301 0.70 5302 2866 17.1 0.39 0.9
9 d 69 3983 21 1.00 834 1018 1.00 4257 11.5 0.26 0.6
10 d 36 4010 22 1.00 473 936 1.00 8111 6.0 0.14 0.3
11 d 43 4088 23 0.82 4868 382 1.00 8048 6.1 0.14 0.3
12 d 37 4172 23 0.81 4878 366 1.00 8179 6.0 0.14 0.3
13 d 41 4003 23 0.81 5041 354 1.00 8001 6.1 0.14 0.3
14 d 108 3826 22 0.80 4607 388 1.00 8105 6.0 0.14 0.3
Time Rs (O cm2) Rf (O cm2) C1,T (106 F cm2) C1,P Rt (O cm2) C2,T (106 F cm2) C2,P RP (O cm2) icorr (lA cm2) Pi,EIS (mm y1) 2Pi,EIS/PW
(c) B3
5 min 24 1901 9 1.00 2770 211 0.64 4687 9.6 0.22 1.4
1 d 39 7946 11 0.92 7836 184 0.82 15,446 2.9 0.07 0.4
2 d 55 7060 13 0.92 10,511 210 0.80 16,365 2.7 0.06 0.4
3 d 56 8621 14 0.92 24,120 203 0.78 25,529 1.8 0.04 0.3
4 d 28 9284 13 0.92 19,988 218 0.79 25,042 1.8 0.04 0.3
5 d 58 10,282 12 0.92 17,748 223 0.81 24,888 1.8 0.04 0.3
6 d 32 11,239 12 0.92 16,047 232 0.84 25,461 1.8 0.04 0.3
7 d 29 12,069 12 0.92 18,287 235 0.84 27,680 1.6 0.04 0.2
8 d 26 11,757 12 0.92 17,345 224 0.81 25,983 1.7 0.04 0.2
9 d 22 11,458 11 0.91 16,931 225 0.81 25,224 1.8 0.04 0.3
10 d 57 14,126 12 0.92 25,878 217 0.82 33,462 1.3 0.03 0.2
11 d 30 14,899 12 0.91 29,553 199 0.81 36,056 1.2 0.03 0.2
12 d 33 16,444 12 0.91 31,737 188 0.81 39,057 1.2 0.03 0.2
13 d 34 15,815 12 0.91 28,874 184 0.81 37,231 1.2 0.03 0.2
14 d 38 9056 15 0.88 7934 271 0.96 16,524 2.7 0.06 0.4
Table 8
Electrochemical parameters obtained by Tafel fitting of polarisation curves and from polarisation measured by EIS for UP Mg specimens from ingot B during the 14th day of
immersion at the OCP in 3.5% NaCl solution saturated with Mg(OH)2 at 25 ± 2 C.
Type Specimen LEV Fitting EIS
Ecorr (VAg/AgCl sat
KCl)
ba
(mV decade1)
bc
(mV decade1)
icorr
(lA cm2)
Pi
(mm y1)
B
(mV decade1)
Rp
(O cm2)
icorr
(lA cm2)
Pi,EIS
(mm y1)
Plug-
in
B1 1.6617 254 209 4.6 0.11 46.9 14,868 3.2 0.07
B2 1.6357 244 209 6.6 0.15 48.9 8105 6.0 0.14
B3 1.8306 270 168 3.0 0.07 45.0 16,524 2.7 0.06
92 F. Cao et al. / Corrosion Science 75 (2013) 78–99corrosion process and the electrochemical measurement as previ-
ously observed [21], or may indicate hitherto unidentified subtle-
ties in the Mg corrosion mechanism.
5.2. Electrochemical corrosion rates
As already stated above, Tables 3a, 3b and 6 indicate that there
was good agreement between the corrosion rate measured by Tafel
extrapolation of the polarisation curves, Pi and the corrosion rate
measured by EIS, Pi,EIS. This indicates that these were valid mea-
surements, and pertain to the amount of Mg dissolution under
electrochemical control. That is, they pertain to Mg corroding by
means of an electrochemical mechanism, which can be influenced-21by an applied potential or an applied current. However, the values
of apparent valence in Tables 3a–4, 6 and 7 indicate that Pi and
Pi,EIS, relate to only a small amount of the total Mg dissolution as
measured by PW.
A possible explanation might be found in re-examining the role
of MgH2. Hydrogen can dissolve in Mg from the gas phase, or from
the hydrogen atoms on the Mg metal surface evolved as part of the
cathodic reaction, Eq. (5). The above analysis indicates that some of
this hydrogen dissolved in the Mg metal. Some of this hydrogen
can form Mg hydride, so that some hydride formation can be de-
scribed by the following reaction.
Mgþ 2H!MgH2 ð21Þ-
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Fig. 14. Cathodic polarisation curves for the UP Mg plug-in specimens of ingot B at
the end of the 14 day immersion at the OCP in 3.5% NaCl solution saturated with
Mg(OH)2 at 25 ± 2 C.
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Fig. 15. Instantaneous corrosion rate PH and Pi,EIS during immersion of specimens
from ingot B at the open circuit potential (OCP) in 3.5% NaCl solution saturated with
Mg(OH)2 for 14 days at 25 ± 2 C. Full symbols pertain to PH, whereas open symbols
pertain to Pi,EIS.
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Fig. 16. The corrosion rates PAH, PH, Pi and Pi,EIS plotted against the corrosion rate PW
for the UPMg specimens from ingot A and ingot B immersed at the OCP in 3.5% NaCl
solution saturated with Mg(OH)2 for 14 days at 25 ± 2 C. PH, Pi and Pi,EIS pertain to
the 14th day of the immersion test and are instantaneous corrosion rates. PW and
PAH are average values over the whole duration of the test. PH, Pi, Pi,EIS, PW and PAH is
each an are average over the whole specimen. The line drawn on the figure is a
guide to the eye and indicates the condition for equality. All the data should be on
this line if all the measures of corrosion rate measured the same quantity. Full
symbols pertain to specimens from ingot A, open symbols pertain to specimens
from ingot B.
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Fig. 17. Hydrogen evolution volume during immersion of specimens from ingot B
at the open circuit potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for
14 days at 25 ± 2 C.
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tion of the uni-positive Mg+ ion as an intermediate in the corrosion
of Mg. MgH2 is not stable in contact with water and reacts to form
hydrogen:
MgH2 þ 2H2O!Mg2þ þ 2OH þ 2H2 ð22Þ
The reaction sequence given by Eqs. (21) and (22) identifies a se-
quence that does not involve electrons at the Mg metal surface,
and consequently cannot be detected by routine electrochemical
measurements. This corrosion mechanism for Mg is as follow: (i)
dissolution of some hydrogen atoms into the Mg metal from the
hydrogen atoms on the Mg metal surface from the cathodic reac-
tion, (ii) reaction of hydrogen in the Mg metal to form MgH2 by
Eq. (21), and (iii) reaction of MgH2 with water by Eq. (22). The over-
all reaction can be derived by the addition of Eq. (21) plus Eq. (22).
The resulting overall reaction is exactly the same as Eq. (1). This
hydride dissolution mechanism could explain how the electro-
chemical corrosion rate measured using standard electrochemical
measurements might be an order of magnitude less than the actual
corrosion rate determined by weight loss, as measured experimen-
tally, see Tables 3b, 4, 6, 7 and 9.-22-5.3. Weight loss
Tables 3a, 3b and 6 summarise the measured corrosion rate for
the specimens from ingot A and ingot B. PW and PAH were the aver-
age corrosion rates over the whole immersion test, whereas PH and
Pi were the instantaneous corrosion rates at the end of the immer-
sion test. Figs. 8 and 16 provide a comparison of the corrosion rates.
The four plug-in specimens of ingot A were cut from the same
disc. They nevertheless had different corrosion rates. The weight
loss, hydrogen evolution and electrochemical data all indicated
that the plug-in specimen A1 had a corrosion rate greater than that
of the other three plug-in specimens. The corrosion rate of plug-in
specimen A1 was PW = 1.46 mm y1, compared with the average
corrosion rate for plug-in specimens A2, A3 and A4 equal to
PAW = 0.58 ± 0.09 mm y1. The appearances of the corroded
surfaces indicated that there was one area of somewhat deeper
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Fig. 18. Instantaneous corrosion rate PH during during immersion of specimens
from ingot B at the open circuit potential (OCP) in 3.5% NaCl solution saturated with
Mg(OH)2 for 14 days at 25 ± 2 C.
Fig. 19. Surface appearance before immersion test for UP Mg of ingot B.
94 F. Cao et al. / Corrosion Science 75 (2013) 78–99corrosion for plug-in specimen A1 compared with the other three
plug-in specimens.
Each of these plug-in specimens were cut into two fishing line
samples, and the results in Tables 3a and 3b indicate that these
fishing line samples all essentially had the same corrosion rate,
PAW = 0.24 ± 0.07 mm y1.
The three plug-in specimens and the three fishing-line speci-
mens of ingot B were cut from a second UP Mg ingot. The corrosion
rates of B1 and B2 were larger than that of B3, and were larger than
those of the fishing line specimens B4–6. The average corrosion
rate evaluated from weight loss for plug-in specimens B1 and B2
was PW = 0.75 ± 0.10 mm y1, compared with the average for spec-
imens B1 to B3, PAW = 0.28 ± 0.08 mm y1. B1 and B2 specimens
suffered some localised corrosion whereas B3–6 corroded uni-
formly, as illustrated in Fig. 20.
This indicates that the corrosion of most specimens was gener-
ally uniform corrosion with a corrosion rate PAW = 0.25 ± 0.07 -
mm y1. However, in some specimens there was some localised
corrosion, and there was somewhat higher corrosion rates such
as PW = 1.46 mm y1, and PW = 0.65 ± 0.13 mm y1. The corrosionTable 9
Corrosion data for UP Mg fishing line specimens from ingot B immersed for 14 days at th
Specimen Surface treatment A
(cm2)
Time
(d)
VHT
(ml cm2 d1)
PW
(mm y1)
B7a 240 Grit + water wash 7.61 14 0.11 0.41
B7b 8.05 14 0.09 0.53
B8a 240 Grit + chromic acid
clean + water wash
8.10 14 0.16 0.52
B8b 7.43 14 0.04 0.21
B9a Grind successively to
2000 grit + chromic acid
clean + water wash
8.04 14 0.02 0.14
B9b 6.93 14 0.05 0.25
B10a Grind successively to
2000 grit + diamond
polish + chromic acid
clean + ethanol
wash + water wash
8.12 14 0.06 0.35
B10b 7.81 14 0.05 0.27
B11a Grind successively to
2000 grit + diamond
polish + ethanol
wash + chromic acid
clean + ethanol
wash + water wash
8.52 14 0.06 0.32
B11b 7.52 14 0.02 0.17
-23morphology associated with the higher corrosion rate was differ-
ent and involved localised corrosion as shown by Figs. 10 and 20.
These corrosion values are summarised in Table 10.
This assessment is similar to that for UQ HP Mg conducted by
Shi and Atrens [21] and Zainal Abidin et al. [16]. The higher corro-
sion rate for some specimens might be due to a localised difference
in chemistry (maybe an impurity particle or other particle). How-
ever, the chemical analyses in Table 1, did not show any chemical
inhomogeneity. Alternatively there might be some slight difference
in surface preparation, although every care was taken to ensure the
same preparation for each specimen, both for the plug-in speci-
mens and the fishing-line specimens.
The values in Table 10 shows that for all the specimens,
PW  ePW > PAH + ePAH.
5.4. Corrosion morphology
The corrosion morphologies in Figs. 10 and 20 were consistent
with the following. Corrosion takes the form of shallow pits that
link up. There was a tendency for larger pits to have smooth sur-
faces as for chemical polishing of the surface. There was some fili-
form corrosion. In some specimens there was localised corrosion
leading to slightly higher corrosion rates.e OCP in 3.5 % NaCl solution saturated with Mg(OH)2 at 25 ± 2 C.
P0W
(mm y1)
PAH
(mm y1)
mH (g) mMgH2
(g)
P00W
(mm y1)
(PW  PAH)/
PW
PH
(mm y1)
0.43 0.24 0.0008 0.0092 0.23 0.41 0.23
0.56 0.20 0.0016 0.0189 0.18 0.62 0.17
0.53 0.34 0.0009 0.0104 0.33 0.35 0.32
0.22 0.09 0.0005 0.0063 0.08 0.57 0.07
0.15 0.05 0.0004 0.0051 0.04 0.64 0.03
0.26 0.10 0.0006 0.0074 0.09 0.60 0.07
0.37 0.12 0.0011 0.0133 0.10 0.66 0.16
0.29 0.11 0.0007 0.0089 0.10 0.59 0.15
0.34 0.12 0.0010 0.0121 0.11 0.63 0.12
0.18 0.04 0.0006 0.0070 0.03 0.76 0.03
-
Fig. 20. Surface appearance after immersion at the open circuit potential (OCP) in
3.5% NaCl solution saturated with Mg(OH)2 for 14 days at 25 ± 2 C and after
removal of corrosion products for the following specimens from ingot B: (a), (b), (c)
B1; (d) B2; (e) B3; and (f) B4.
Fig. 21. Surface appearance after immersion at the open circuit potential (OCP) in
3.5% NaCl solution saturated with Mg(OH)2 for 14 days at 25 ± 2 C and after
removal of corrosion products for the specimen B1a.
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-24-5.5. Influence of the surface treatment on corrosion
Table 9 summarises the influence of surface treatment on the
corrosion rate. The average corrosion rate for B7a,b,
PAW = 0.47 ± 0.16 mm y1 was larger than the corrosion rate of the
last three group B specimens (B9a,b; B10a,b and B11a,b),
PW = 0.24 ± 0.07 mm y1. These corrosion rates were in good agree-
ment with the average of (A1a,b–A4a,b + B3–B6) PAW = 0.25 ± 0.07 -
mm y1. This indicates that the rougher surface of B7a,b (240 grit)
was associated with a higher corrosion rate, whereas the other sur-
face treatments produced similar corrosion rates. Coarse grinding
(240 grit) of the specimen surface accelerated the corrosion rate,
which was attributed to the higher surface area as shown in
Fig. 21. There was no significant difference of the corrosion rate
among B9a,b, B10a,b and B11a,b, which indicated that the surface
treatment of chromic acid cleaning and diamond polishing caused
little change to the corrosion behaviour.
5.6. EIS
Although the EIS data gave values of the corrosion rates that
were smaller than the corrosion rates measured by weight loss,
analysis of the EIS data gave insight into what happened on the
specimen during the immersion tests. For fitting the experimental
impedance results various corrosion models were considered, and
various equivalent circuits. Many equivalent circuits [30,64–70]
have been created to analyse the EIS data for Mg alloys. The EIS
data with two capacitive loops as in Fig. 4a are consistent with uni-
form corrosion and the physical model shown in Fig. 4c. The high
frequency loop is considered to be associated with the charging
of the interface, whereas the low frequency loop is associated with
the charge transfer. The equivalent circuit shown in Fig. 4b is con-
sistent with previous equivalent circuits [64,69,70], and provided
the best fitting parameters and lowest errors for EIS data of
Fig. 4a type. The EIS data with two capacitive loops and an induc-
tive loop as in Fig. 5a are consistent with localised corrosion or mi-
cro-galvanic corrosion and the physical model shown in Fig. 5d.
The equivalent circuit is shown in Fig. 5b. Baril et al. [65] indicated
that all the Nyquist plots they measured for pure Mg in sodium sul-
phate solutions belong to this type and provided an equivalent cir-
cuit based on their EIS data. They showed that their model could
produce plots similar to those measured, but they did not fit their
measured plots. They considered that the high frequency loop is
associated with charge transfer and the low frequency loops with
diffusion processes. Song et al. [30] also measured Nyquist plots
Table 10
Average values of the corrosion rate for UP Mg specimens immersed for 14 days at the OCP in 3.5% NaCl solution saturated with Mg(OH)2 at 25 ± 2 C.
Specimen PW (mm y1) Average
corrosion rate,
PW (mm y1)
PAH (mm y1) Average
corrosion rate,
PAH (mm y1)
P0W (mm y
1) Average
corrosion rate,
P0W (mm y
1)
A1 1.46 1.46 0.77 0.77 1.52 1.52
A2, A3,
A4,
B1, B2
0.50, 0.53, 0.71, 0.65, 0.85 0.65 ± 0.13 0.41, 0.09, 0.22, 0.27, 0.51 0.30 ± 0.16 0.50, 0.57, 0.76, 0.68, 0.88 0.64 ± 0.14
A1a–A4b,
B3–B6
0.23, 0.39, 0.19, 0.28, 0.18,
0.24, 0.24, 0.15, 0.32, 0.15,
0.27, 0.36
0.25 ± 0.07 0.13, 0.22, 0.12, 0.18, 0.07,
0.13, 0.13, 0.10, 0.07, 0.12,
0.07, 0.07
0.12 ± 0.05 0.24, 0.41, 0.20, 0.28, 0.19,
0.25, 0.25, 0.16, 0.34,
0.16,0.29, 0.38
0.28 ± 0.08
B1 0.41, 0.53 0.47 ± 0.06 0.24, 0.20 0.22 ± 0.02 0.43, 0.56 0.50 ± 0.07
B7a 0.52 0.52 0.34 0.34 0.53 0.53
B8b–
B11b
0.21, 0.14, 0.25, 0.35, 0.27,
0.32, 0.17
0.24 ± 0.07 0.09, 0.05, 0.10, 0.12, 0.11,
0.12, 0.04
0.09 ± 0.03 0.22, 0.15, 0.26, 0.37, 0.29,
0.34, 0.18
0.26 ± 0.08
96 F. Cao et al. / Corrosion Science 75 (2013) 78–99similar to Fig. 4a in 1 N Na2SO4 for pure Mg, which were consistent
with the current study. Therefore, the approach suggested by Song
et al. [30] is more credible than that of Baril et al. [65]. Song et al.
[71] produced an equivalent circuit for Mg with an anodized coat-
ing, which was also said to be suitable for pure Mg. However, our
EIS plots could not be fitted using this model. In all the trials, the
best fitting parameters and lowest errors were obtained with the
equivalent circuit in Fig. 5b and c, which was also consistent phys-
ical model in Fig. 5d.
Figs. 6 and 13 show the EIS plots, and Tables 4 and 7 provide the
fitting data for the plug-in UP Mg specimens.
Fig. 6a and Table 4a present the EIS data for A1. In the first 6 h
(i) Rf increased consistent with increasing film resistance, and (ii)
the charge transfer resistance Rt also increased which could be
attributed to a decrease in the area of active corrosion as the film
formed and grew. Then there was some film breakdown (maybe
only in some areas) and both Rf and Rt decreased. In the follow-
ing days, the EIS spectra were consistent with a balance of film
breakdown and recovery process. Rf and Rt changed in a small
range. The charge-transfer process was mainly influenced by
the film, as when the film grew, the active corrosion area
decreased and Rt increased. Thus, Rt often changed with Rf except
in some cases in which the charge transfer process could be
influenced by some other factors. In the 13th day, there was
more significant film breakdown and the localised corrosion or
galvanic corrosion dominated the corrosion, which was consis-
tent with the appearance of the inductive loop [68,72]. The
corrosion rate Pi,EIS of A1 in Fig. 9 was consistent with these film
change process. The corroded surface of A1 in Fig. 10a further
confirmed the occurrence of localised or micro-galvanic
corrosion.
Fig. 6b and Table 4b could be similarly interpreted as indicating
how the film changed for specimen A2, which had similarities to
that described for A1. The film resistance increased in the first
two days, and then there was a balance between film breakdown
and recovery processes, which were reflected by the value of Rf
for the following days. The film resistance increased quickly in
the last two days. There was no inductive loop for A2, which im-
plies that that there was no significant pitting or micro-galvanic
corrosion during the immersion test.
The EIS data of Fig. 6c and Table 4c indicated the film status dur-
ing the immersion test of A4. The film resistance increased and
reached a maximum state in the 3rd day. Then it decreased some-
what in the 8th day and remained similar till the end of the test.
The large value of film resistance and no inductive loop indicated
a film of good integrity.
The EIS curves of Fig. 13a, and the data of Table 7a, indicated the
film status of B1 during the immersion test. The film resistance in-
creased in the first day and there was film breakdown in the sec-
ond day as localised or micro-galvanic corrosion occurred on-25some area of the surface. The localised corrosion or micro-galvanic
corrosion dominated the corrosion for the following days. How-
ever, the film recovered from the 10th day till the end of the test.
The localised or micro-galvanic corrosion decreased and the induc-
tive loop in the EIS plots disappeared. The localised corrosion
appearance of Fig. 20a provided confirmation of the occurrence
of pitting or micro-galvanic corrosion.
The EIS curves of Fig. 13b, and the data of Table 7b, indicate the
film change during the immersion test of B2. The film resistance in-
creased during the first day. There was film breakdown in the 4th
day as localised or micro-galvanic corrosion dominated the corro-
sion. The film resistance increased in the 8th day although the pit-
ting or micro-galvanic corrosion still existed. The broken film
started to recover from the 10th day as the inductive loop became
inconspicuous and disappeared. The localised corrosion appear-
ance of Fig. 20d was consistent with the occurrence of pitting or
micro-galvanic corrosion.
The EIS curves of Fig. 13c, and the data of Table 7c, indicate the
film status during the immersion test of B3. The film formed and
kept growing for all the duration of the test except the last day.
In the 14th day, the film resistance decreased.
In our study the inductive loop at low frequencies was attrib-
uted to localised or micro-galvanic corrosion, and confirmed by
the SEM images of the corroded surface of the specimens. Only
the significant localised corrosion, which had an influence on the
total area of the specimen, produced the inductive loop, whereas
small pits did not.5.7. Implications of Mg alloy with low corrosion rate
The UP Mg contained a much lower concentration of impurities
than HP Mg as shown in Table 1 [21]. Most of the UP Mg specimens
had a corrosion rate measured with weight loss of
PW = 0.25 ± 0.07 mm y1, which was somewhat lower than that of
UQ HP Mg (0.4 ± 0.1 mm y1). It indicated that, at this content of
impurity, furthering reducing impurities did not decrease the cor-
rosion rate of Mg significantly. Furthermore, it might be difficult to
reduce the impurities further at this level. Therefore, in future re-
search it is better to find another way to decrease the corrosion
rate, together with reducing the impurities. Adding alloying ele-
ments seems to be a good way to further decrease the corrosion
rate [3]. If the alloying element(s) can be kept in solid solution they
might form a stable passive film based on an oxide of the alloying
element rather than Mg based film [32]. However, it is important
to note that alloying elements might (i) reduce the tolerance limits
of the impurities [20], and/or (ii) form intermetallic phases with
the impurity elements, which act as cathodic sites. Consequently,
for each alloying system the effectiveness of alloy-purification
must be evaluated separately.-
Table A1
Data for measurements to determine the amount of weight loss due to the chromic
acid cleaning, for specimens that had previously been subjected to the immersion
tests.
Specimen Area
(cm2)
Time Weight (g)
before
chromic acid
washing, Wb
Weight (g),
8 min after
chromic acid
washing, Wa
Weight (g),
one day after
chromic acid
washing
B5 9.04 0 h W1 = 2.5115 W2 = 2.5118
1 d W2 = 2.5118 W3 = 2.5115 W4 = 2.5118
1 week W5 = 2.5118 W6 = 2.5115
B7a 7.61 0 h W1 = 1.7690 W2 = 1.7693
1 d W2 = 1.7693 W3 = 1.7691 W4 = 1.7693
1 week W5 = 1.7693 W6 = 1.7691
B10b 7.81 0 h W1 = 1.9846 W2 = 1.9848
1 d W2 = 1.9848 W3 = 1.9847 W4 = 1.9849
1 week W5 = 1.9849 W6 = 1.9846
B11b 7.52 0 h W1 = 1.8190 W2 = 1.8191
1 d W2 = 1.8191 W3 = 1.8188 W4 = 1.8191
1 week W5 = 1.8191 W6 = 1.8188 W7 = 1.8191
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Table 10 provides a summary of the corrosion rates measured
herein for ultra-high-purity Mg produced by distillation immersed
at the open circuit potential (OCP) in 3.5% NaCl solution saturated
with Mg(OH)2 for 14 days at 25 ± 2 C. Most of the specimens had a
low corrosion rate. It is proposed that this low corrosion rate,
PW = 0.25 ± 0.07 mm y1, represents the intrinsic corrosion rate
for ultra-high-purity Mg under these immersion conditions.
Nevertheless, some specimens had substantially higher corrosion
rates, and these higher corrosion rates correlated with the deep
heterogeneous corrosion on the specimen surface. It is proposed
that these higher corrosion rates do not represent intrinsic
corrosion of ultra-high-purity Mg, but are caused by the trace pres-
ence of particles, although the evidence for that hypothesis is
circumstantial.
The ultra-high-purity Mg studied herein was produced by dis-
tillation. The fact that the corrosion rate of the ultra-high-purity
Mg was slightly smaller than that of high-purity Mg points to the
fact that the ultra-high-purity Mg was produced by distillation is
incidental, and that the corrosion of ultra-high-purity Mg does
not depend on how it is produced.
6. Conclusions
1. The corrosion was generally uniform corrosion with an average
corrosion rate for (A1a–A4b + B3–B6) PAW = 0.25 ± 0.07 mm y1.
However, some specimens experienced some localised corro-
sion and somewhat higher corrosion rates such as A1 had
PW = 1.46 mm y1, and (A2–A4, B1–B2) PW = 0.65 ± 0.13 -
mm y1. The corrosion morphology associated with the higher
corrosion rate involved localised corrosion. It is unclear what
caused the localised corrosion and higher corrosion rates in
some specimens.
2. The corrosion rate as measured from weight loss, PW, was
greater than the average corrosion rate measured from hydro-
gen evolution, PAH. This is attributed to the dissolution of some
hydrogen in the Mg specimen.
3. There was good agreement between the corrosion rate mea-
sured by LEV extrapolation of the polarisation curves, Pi and
the corrosion rate measured by EIS, Pi,EIS. There is every indica-
tion that these were valid measurements and pertained to the
amount of Mg that involves electrons at the Mg metal surface
and is under electrochemical control, that is pertain to Mg cor-
rosion which can be influenced by an applied potential or an
applied current. However, the values of apparent valence indi-
cate that Pi and Pi,EIS relate to only a small amount of the total
Mg dissolution as measured by PW.
4. A new hydride mechanism for Mg dissolution is suggested as
follows. Hydrogen is evolved at the metal surface by the catho-
dic reaction. Some hydrogen dissolves in the Mg metal in a
manner similar to the dissolution of hydrogen into Mg from
the gas phase. Some hydrogen forms hydride, which reacts with
water. The sum of hydrogen dissolution reaction, hydride for-
mation, and hydride dissolution has the same overall reaction
as the overall Mg corrosion reaction by the commonly accepted
overall corrosion reaction. This could explain how the electro-
chemical corrosion rate could be an order of magnitude less
than the actual corrosion rate.
5. The corrosion rate as measured from hydrogen evolution, PH,
LEV extrapolation of the polarisation curves, Pi, and the corro-
sion rate measured by EIS, Pi,EIS, did not provide good measures
of the actual corrosion rate.
6. The EIS data was consistent with a surface film that was partly
protective, that increased in corrosion resistance, and could suf-
fer film breakdown and repair. The inductive loops in the EIS-26-spectra were attributed to localised corrosion and/or micro-gal-
vanic corrosion.Acknowledgements
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tremely useful discussions.Appendix A. Weight loss due to the chromic acid cleaning
The weight loss measurements were preformed as follows. Each
specimen was ground to 2000 grit, washed with distilled water,
dried with a jet of clean compressed air, dried with hot air from
a hair dryer, dried in a desiccator for 1 day, and weighed before
the immersion test, documented as Wb. The corrosion product
was removed by immersion of the specimen in chromic acid clean-
ing solution at 25 C till there were no bubbles. This typically took
less than 10 min. The solution contained 200 g L1 CrO3 and 2 g L1
AgNO3. The specimen was washed with distilled water, dried with
a jet of clean compressed air at room temperature (25 C), dried
with hot air from a hair dryer, and weighted within 8 min to give
Wa (mg) the weight of the specimen after the removal of corrosion
products after the immersion test. The weight loss rate, WL
(mg cm2 d1) was determined from Eq. (7).
Table A1 presents data for measurements to determine the
amount of weight loss due to the chromic acid cleaning, for speci-
mens that had previously been subjected to the immersion tests.
Each specimen was subjected to the following sequence.
This sequence for each specimen was as for specimen B5 as fol-
lows: (i) the specimenwas immersed for 10 min in the chromic acid
solution, washed with distilled water, dried with a jet of clean com-
pressed air at room temperature (25 C), dried with hot air from a
hair dryer, cooled to room temperature, and weighted within
8 min to give the weight, W1 = 2.5115 g, equivalent to Wa the
weight of the specimen after the removal of corrosion products after
the immersion test; (ii) the specimen was stored in a desiccator for
Table A2
Data for measurements to determine the amount of weight loss due to the chromic
acid cleaning, for specimens that had not previously been subjected to the immersion
tests.
Specimen Area
(cm2)
Weight (g)
before chromic
acid cleaning
Weight (g), 8 min
after chromic
acid cleaning
Weight (g),
30 min after
chromic acid
cleaning
1 7.17 W1 = 1.7098 W2 = 1.7097 W3 = 1.7098
2 8.19 W1 = 2.1372 W2 = 2.1370 W3 = 2.1371
3 5.13 W1 = 0.9275 W2 = 0.9274 W3 = 0.9275
98 F. Cao et al. / Corrosion Science 75 (2013) 78–991 day to give the weight, W2 = 2.5118 g, which was the weight of
the specimen before the next chromic acid cleaning; (iii) the speci-
menwas immersed for 10 min in the chromic acid solution, washed
with distilledwater, driedwith a jet of clean compressed air at room
temperature (25 C), driedwith hot air fromahair dryer, cooled, and
weighted within 8 min to give the weight,W3 = 2.5115 g, (iv) the
specimen was stored in a desiccator for 1 day to give the weight,
W4 = 2.5118 g, (v) the specimen was stored in a desiccator for
1 week to give the weight, W5 = 2.5118 g, and (vi) the specimen
was immersed for 10 min in the chromic acid solution, washedwith
distilledwater, driedwith a jet of clean compressed air at room tem-
perature (25 C), dried with hot air from a hair dryer, cooled, and
weighted within 8 min to give the weight, W6 = 2.5115 g. For
B11b, the specimen was stored an additional day in a desiccator to
give the weight,W7 = 1.8191 g.
Table A1 shows that the removal of metallic Mg by the chromic
acid cleaning was less than 0.0001 g, even after repeated re-clea-
nings of 10 min duration with the chromic acid solution. Further-
more, the error associated with the weight of the specimen after
the immersion tests after removal of the corrosion products, eWa
was a maximum of 0.0003 g, due to the slight differences in ad-
sorbed water for the specimens before and after immersion testing
due to the fact that the specimen was stored 1 day before weigh-
ing before immersion testing, whereas the specimen was weighed
after the immersion tests after washing and drying with warm and
cold air.
Table A2 presents data for measurements to determine the
amount of weight loss due to the chromic acid cleaning, for speci-
mens that had not previously been subjected to the immersion
tests. The experimental sequence was as follows: (i) the specimen
was washed and stored in a desiccator for a day and weighed to
give toW1, (ii) the specimen was immersed for 10 min in the chro-
mic acid solution, washed with distilled water, dried with a jet of
clean compressed air at room temperature (25 C), dried with hot
air from a hair dryer, cooled to room temperature, and weighted
within 8 min to give the weight,W2; (ii) the specimen was stored
on the lab bench and weighed after 30 min to give W3. This data is
consistent with that in Table A1 to give the same conclusions.References
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Corrosion of binary Mg–X alloys (as-cast and solution heat-treated) was characterised by immersion tests
in 3.5% NaCl solution saturated with Mg(OH)2, and by salt spray. Alloys with high corrosion rates in
immersion tests also had high corrosion rates in salt spray. Corrosion rates of the solution heat-treated
alloys did not meet the expectation that they should be equal to or lower than those of high-purity
Mg. There was circumstantial evidence that the higher corrosion rates were caused by the particles in
the microstructure; the second phases had been dissolved. The corrosion rate of all alloys was faster than
that of high-purity Mg.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
1.1. Corrosion of Mg alloys
The corrosion performance of Mg alloys could be better for
possible applications (i) in transport because their low-density
can lead to savings of vehicle weigh, and consequently can lead
to higher fuel efficiency, and (ii) as biodegradable medical im-
plants [1–10]. The literature reviews by Song, Atrens and co-
workers [1,2,4,5,9] have found that (i) high-purity (HP) alloys
(with impurity concentrations below their tolerance limits) have
corrosion rates significantly lower than those of the correspond-
ing low-purity (LP) alloys, which had significant impact on the
use of commercial Mg alloys, but nevertheless (ii) there is no
alloying element, which produces a Mg alloy with a corrosion rate
lower than that of high-purity (HP) Mg in a technically relevant
testing solution like 3% NaCl solution. These literature reviews
were based on the extensive prior research and the research to
date (by Hanawalt et al. [11], Emly [12], Lunder and co-workers
[13–18], Froes and co-workers [19–24], Markar and co-workers
[25–28], Nisancioglu and coworkers [29,30], Uzan et al. [31], Uni-
govski and co-workers [32–40], Mathieu and co-workers [41–43],Eliezer and co-workers [44–58], Decker and co-workers [59,60],
Kim and co-workers [61–65], Prado and co-workers [66–79], Tur-
han and co-workers [80–87], Liu et al. [88–90], Ghosh et al. [91],
and others [92–99]) has not produced any alloying element for
Mg to contradict the statement that there is no alloying element,
which produces a Mg alloy with a corrosion rate lower than that
of high-purity (HP) in a technically relevant testing solution like
3% NaCl solution.
This statement is also supported by Table 1 which provides a
compilation of corrosion rates for high-purity (HP) Mg [100–107]
in comparison to corrosion ratesmeasured forMgalloys in recent re-
search in solutions like 3% NaCl [49,58,70,76,77,88,89,98,108–128].
The corrosion rate of high purity Mg is 0.3 mm y1 in such solu-
tions, although individual measurements can give values up to
1.8 mm y1.
There are no alloys with corrosion rates significantly lower
than that of HP Mg with a corrosion rate of 0.3 mm y1. There
are some studies, such as that by Liu et al. [88], which indicates
that heat treatment can decrease the corrosion rate of an alloy.
Nevertheless, the corrosion rates of the heat-treated Mg–Sn al-
loys [88] were greater than the corrosion rate of high-purity
Mg. Another such example is the study by Liu et al. [89] on
Mg–Zn alloys.
Prado and co-workers [76,77] used wrought Mg rather than as-
cast Mg as used in the other studies of the corrosion rate for HPMg.
Furthermore, Prado and co-workers [76,77] measured corrosion
Table 1
Corrosion rates for high-purity Mg compared with recent measurements of corrosion rates for Mg alloys for immersion tests at the open circuit potential (OCP), by year of
publication, first author, alloy (HP is high-purity, LP is low-purity, UP is ultra-high-purity), condition (wrought, W; sintered, S; as cast, C; chill cast, CC; extruded, E; die-cast, DC;
high pressure die cast, HPDC; rolled, R; cryrogenic burnishing, CB; dry burnishing, DB; grain size, GS), composition (wt.%), testing solution (1 = 1 M NaCl, pH 11, 2 = 1 M NaCl,
3 = 3 wt.% NaCl, 4 = 3.5 wt.% NaCl saturated with Mg(OH)2, 5 = 3.5 wt.% NaCl, 6 = 5 wt.% NaCl, 7 = salt spray, 8 = 0.1 mol/L NaCl, 9 = 9 g/L NaCl) and measurement (weight loss, PW,
hydrogen evolution, PH, electrochemical impedance spectroscopy, Pi,EIS), corrosion rate (mm y1) and reference.
Year First
author
Alloy, condition Composition (wt.%) Solution Measurement Corrosion rate
(mm y1)
Refs.
1997 Song HP Mg, C 0.0017Fe, 0.0012Mn 1 PW 1.1 [100–102]
LP Mg, C 0.0240Fe, 0.0010Mn 1 PW 50 [100–102]
2008 Zhao HP Mg, C 0.0045Fe, 0.0086Mn 2 PW 0.92 [103]
2008 Liu HP Mg, C 0.0045Fe, 0.0008Mn 3 PH 0.9 [104]
HP Mg, C 0.0045Fe, 0.0008Mn 3 PH 1.8 [104]
HP Mg, 1 d 550 C 0.0045Fe, 0.0008Mn 3 PH 8.2 [104]
HP Mg, 2 d 550 C 0.0045Fe, 0.0008Mn 3 PH 10 [104]
2011 Shi HP Mg, C 0.1Al, 0.002Fe, 0.017Mn, 0.003Zn, 0.01Si 4 PW 0.38 ± 0.24 [105]
2012 Qiao UQ HP Mg, C 0.100Al, 0.0020Fe, 0.017Mn, 0.003Zn 4 PW 0.67 ± 0.02 [106]
HZG Mg, C 0.008Al, 0.0032Fe, 0.034Mn, 0.006Zn 4 PW 8.10 ± 5.00 [106]
2013 Cao UP Mg 0.00016Fe, 0.00013Mn 4 PW 0.25 ± 0.07 [107]
2008 Ben-Hamu ZM60, W 6.0Zn, <0.04Fe, 0.5Mn 4 PW 8.3 [49]
2008 Abhijeet Pure Mg, S 5 PW 15 ± 0.1 [108]
Mg–0.3%Cu, S 0.3Cu 5 PW 260 ± 3 [108]
Mg–0.6%Cu, S 0.6Cu 5 PW 497 ± 2 [108]
Mg–1.0%Cu, S 1.0Cu 5 PW 507 ± 5 [108]
Mg–0.1%Mo, S 0.1Mo 5 PW 292 ± 1 [108]
Mg–0.3%Mo, S 0.3Mo 5 PW 541 ± 2 [108]
Mg–0.6%Mo, S 0.6Mo 5 PW 610 ± 1 [108]
2008 Prado Pure Mg, W 0.004Fe, 0.03Mn 5 Pi,EIS 91 [76]
2008 Prado Pure Mg, W 0.006Al, 0.014Zn, 0.03Mn, 0.004Fe 5 PW 624 [77]
AZ31, W 3.1Al, 0.73Zn, 0.25Mn, 0.005Fe 5 PW 11.6 [77]
AZ80, CC 8.2Al, 0.46Zn, 0.13Mn, 0.004Fe 5 PW 0.16 [77]
AZ91D, C 8.8Al, 0.68Zn, 0.30Mn, 0.004Fe 5 PW 0.22 [77]
2009 Song AM70, C 6.8Al, <0.5Fe, 0.21Mn, <0.3Cu 6 PW 2.7 [109]
AT72, C 6.9Al, <0.3Fe, 0.25Mn, <0.3Cu, 1.9Sn 6 PW 3.9 [109]
2009 Candan AZ91, C 5 PW 164 ± 4 [110]
2009 Zhou AZ91D, C 9.1Al, 0.64Zn, 0.17Mn 5 PW 8.6 [111]
AZ91D–0.14Ca, C 9Al, 0.8Zn, 0.2Mn, 0.14Ca 5 PW 8.8 [111]
AZ91D–0.4Sb, C 9Al, 0.8Zn, 0.2Mn, 0.4Sb 5 PW 19.9 [111]
AZ91D–0.4Sb–1.0Bi, C 9Al, 0.8Zn, 0.2Mn, 0.4Sb, 1.0Bi 5 PW 38.0 [111]
2009 Zhao Pure Mg, C 0.007Al, 0.0045Fe, 0.008Mn 3 PH 2.7 [112]
AZ31, E 2.69Al, 0.83Zn, 0.0021Fe, 0.62Mn 3 PH 2.3 [112]
AZ91, C 8.91Al, 0.77Zn, 0.0009Fe, 0.22Mn 3 PH 8 [112]
AM30, E 2.99Al, <0.005Zn, 0.003Fe, 0.41Mn 3 PH 9.3 [112]
AM60, C 5.84Al, 0.027Zn, 0.0009Fe, 0.29Mn 3 PH 14 [112]
ZE61, C 0.004Al, 4.59Zn, 0.006Fe, 0.02Mn,
1.05Ce, 0.48La, 0.12Pr
3 PH 46 [112]
2009 Abu Leil Mg–3Sn, C 3Sn 7 PW 1.7 ± 0.1 [113]
Mg–3Sn, E 3Sn 7 PW 1.5 ± 0.2 [113]
Mg–3Sn–1Ca, C 3Sn, 1Ca 7 PW 2.3 ± 0.2 [113]
Mg–3Sn–1Ca, E 3Sn, 1Ca 7 PW 1.9 ± 0.4 [113]
Mg–3Sn–2Ca, C 3Sn, 2Ca 7 PW 6.0 ± 0.4 [113]
Mg–3Sn–2Ca, E 3Sn, 2Ca 7 PW 2.3 ± 0.2 [113]
2010 Liu Mg–3Zn, C 3Zn 8 PW 1.5 [89]
Mg–3Zn, 10 h 320 C 3Zn 8 PW 1.3 [89]
Mg–3Zn, 10 h 320 C + 16 h 200 C 3Zn 8 PW 1.4 [89]
2010 Song Pure Mg, C 5 PW 18 [114]
2010 Aghion AZ91D, DC 8.5Al, 0.001Fe, 0.18Mn, 0.65Zn, 0.01Si 4 PH 0.12 ± 0.01 [115]
MRI230D, DC 6.8Al, 0.001Fe, 0.23Mn, 0.01Zn, 0.01Si,
0.25Sr, 0.5Sn, 1.91Ca
4 PH 0.12 ± 0.01 [115]
2010 Lisitsyn ZM60, W 0.5Mn, 6.0Zn 4 PW 3.2 ± 0.4 [58]
2010 Wang Mg–6Al–5Pb, C 6.14Al, 0.051Cu, 0.013Fe, 0.045Zn, 5.46Pb 5 PH 82 [98]
Mg–6Al–5Pb, 1d 400 C 6.14Al, 0.051Cu, 0.013Fe, 0.045Zn, 5.46Pb 5 PH 84 [98]
Mg–6Al–5Pb, 1d 400C + 8 h 200C aged 6.14Al, 0.051Cu, 0.013Fe, 0.045Zn, 5.46Pb 5 PH 60 [98]
Mg–6Al–5Pb, 1d 400C + 8 h 100C aged 6.14Al, 0.051Cu, 0.013Fe, 0.045Zn, 5.46Pb 5 PH 44 [98]
2010 Blawert AM50, C 5.01Al, 0.00063Fe, 0.25Mn, 0.0032Ni, 0.02Zn 5 PH 23 [116]
AM50–0.5Zn, C 5.12Al, 0.001Fe, 0.28Mn, 0.0037Ni, 0.45Zn 5 PH 18 [116]
AM50–1.1Zn, C 5.24Al, 0.0014Fe, 0.27Mn, 0.004Ni, 1.06Zn 5 PH 19 [116]
AM50–2.1Zn, C 5.04Al, 0.0013Fe, 0.27Mn, 0.0038Ni, 2.05Zn 5 PH 10 [116]
AM50–3.1Zn, C 4.73Al, 0.0012Fe, 0.26Mn, 0.0045Ni, 3.08Zn 5 PH 13 [116]
AM50–3.5Zn, C 4.87Al, 0.0012Fe, 0.27Mn, 0.0034Ni, 3.46Zn 5 PH 9.9 [116]
AM50–4.3Zn, C 5.11Al, 0.0015Fe, 0.26Mn, 0.0039Ni, 4.28Zn 5 PH 7.9 [116]
AM50–0.5Cu, C 4.84Al, 0.00092Fe, 0.26Mn, 0.52Cu, 0.023Zn 5 PH 33 [116]
AM50–0.6Zn–0.5Cu, C 5Al, 0.001Fe, 0.28Mn, 0.51Cu, 0.58Zn 5 PH 15 [116]
AM50–1.1Zn–0.5Cu, C 5.27Al, 0.00084Fe, 0.28Mn, 0.51Cu, 1.1Zn 5 PH 4.5 [116]
AM50–2.6Zn–0.5Cu, C 5.07Al, 0.0011Fe, 0.27Mn, 0.51Cu, 2.57Zn 5 PH 2.8 [116]
AM50–3.2Zn–0.5Cu, C 5.59Al, 0.0013Fe, 0.25Mn, 0.54Cu, 3.18Zn 5 PH 2.0 [116]
(continued on next page)
F. Cao et al. / Corrosion Science 76 (2013) 60–97 61
-32-
Table 1 (continued)
Year First
author
Alloy, condition Composition (wt.%) Solution Measurement Corrosion rate
(mm y1)
Refs.
AM50–4.2Zn–0.5Cu, C 4.51Al, 0.00073Fe, 0.22Mn, 0.48Cu, 4.16Zn 5 PH 1.0 [116]
2010 Aung AZ31B, W 2.95Al, 1.07Zn, 0.38Mn, 0.0035Fe 5 PW 216 [117]
AZ31B, 3 h at 300 C 2.95Al, 1.07Zn, 0.38Mn, 0.0035Fe 5 PW 181 [117]
2011 Liu Mg7Sn, C 7.12Sn, 0.004Fe, 0.001Cu, <0.001Ni 5 PH 2.2 [88]
Mg7Sn, 5.3 h 390 C 7.12Sn, 0.004Fe, 0.001Cu, <0.001Ni 5 PH 3.1 [88]
Mg7Sn, 5.3 h 440 C 7.12Sn, 0.004Fe, 0.001Cu, <0.001Ni 5 PH 2.2 [88]
Mg7Sn, 5.3 h 490 C 7.12Sn, 0.004Fe, 0.001Cu, <0.001Ni 5 PH 1.4 [88]
Mg7Sn, 5.3 h 540 C 7.12Sn, 0.004Fe, 0.001Cu, <0.001Ni 5 PH 1.1 [88]
2011 Chen AZ31–0.5Sr–1.5Y, C 3Al, 0.8Zn, 1.53Y, 0.54Sr 6 PW 13.2 [118]
2011 Zhang AZ91, W 8.51Al, 0.64Zn, 0.22Mn 5 PW 1.1 [119]
2011 Zhang AZ91, W, Longitude (L) 8.51Al, 0.64Zn, 0.22Mn 4 PW 1.7 [120]
AZ91, W, Transverse (T) 8.51Al, 0.64Zn, 0.22Mn 4 PW 2.5 [120]
AZ91 + 1.5Nd, W, L 8.51Al, 0.64Zn, 0.22Mn, 1.50Nd 4 PW 1.4 [120]
AZ91 + 1.5Nd, W, T 8.51Al, 0.64Zn, 0.22Mn, 1.50Nd 4 PW 1.1 [120]
2011 Sudholz Mg, 5 h at 420 C 0.0040Fe 8 PW 6 [121]
Mg–1Y, 5 h at 420 C 0.89Y, 0.003Fe 8 PW 13 [121]
Mg–5Y, 5 h at 420 C 4.90Y, 0.001Fe 8 PW 60 [121]
Mg–12Y, 5 h at 420 C 13.1Y, 0.017Fe 8 PW 1028 [121]
Mg–18Y, 5 h at 420 C 19.3Y, 0.022Fe 8 PW 2083 [121]
2012 Mert AM50, HPDC 4.78Al, 0.43Mn, <0.0017Fe 5 PW 1.7 [122]
AM50Ce0.5, HPDC 4.67Al, 0.35Mn, 0.53Ce, <0.0002Fe 5 PW 0.3 [122]
AM50Ce1, HPDC 4.49Al, 0.32Mn, 1.02Ce, <0.0002Fe 5 PW 0.2 [122]
2012 Song Mg–5Zn, E 5Zn 5 PW 15.6 [123]
Mg–5Zn, 2 h at 450 C 5Zn 5 PW 13.6 [123]
Mg–5Zn, 2 h at 450 C, age 4 h at 230 C 5Zn 5 PW 22.7 [123]
2012 Pu AZ31B, R + ground 6 PH 5.6 [124]
AZ31B, R + CB 6 PH 3.6 [124]
AZ31B, R + DB 6 PH 3.4 [124]
2012 Arrabal AM50, E 4.9Al, 0.26Mn, <0.2Zn, <0.004Fe 5 PW 10.5 [70]
AM50 + 0.8Nd, E 4.4Al, 0.21Mn, <0.2Zn, 0.8Nd, <0.004Fe 5 PW 0.78 [70]
AM50 + 1.5Nd, E 4.0Al, 0.24Mn, <0.2Zn, 1.5Nd, <0.004Fe 5 PW 1.1 [70]
AZ91D, E 8.9Al, 0.19Mn, 0.52Zn, <0.004Fe 5 PW 2.9 [70]
AZ91D + 0.7Nd, E 8.1Al, 0.13Mn, 0.52Zn, 0.7Nd, <0.004Fe 5 PW 0.38 [70]
AZ91D + 1.4Nd, E 8.1Al, 0.16Mn, 0.52Zn, 1.4Nd, <0.004Fe 5 PW 1.1 [70]
2012 Liao AZ31B, W, GS = 11 lm 3.19Al, 1.05Zn, 0.39Mn, 0.003Fe, 0.01Cu 8 PW 0.63 [125]
AZ31B, W, GS = 2.3 lm 3.19Al, 1.05Zn, 0.39Mn, 0.003Fe, 0.01Cu 8 PW 0.63 [125]
AZ31B, W, GS = 1.4 lm 3.19Al, 1.05Zn, 0.39Mn, 0.003Fe, 0.01Cu 8 PW 0.56 [125]
AM60, W, GS = 9.1 lm 6.07Al, 0.02Zn, 0.30Mn, 0.001Fe, 0.001Cu 8 PW 0.42 [125]
2012 Sachdeva AM50, C 4.26Al, <0.001Fe, 0.27Mn, 0.042Zn 7 PW 2.5 [126]
AM50, HPDC 5Al, 0.0008Fe, 0.28Mn, 0.013Zn 7 PW 1.0 [126]
2013 Kubasek Mg, C 0.018Al, <0.001Fe, 0.015Mn, 0.003Zn 9 PW 2.5 [127]
Mg1Sn, C 1.335Sn, 0.021Al, <0.001Fe, 0.04 Mn, 0.003Zn 9 PW 0.6 [127]
Mg5Sn, C 4.697Sn, 0.020Al, <0.001Fe, 0.02 Mn, 0.003Zn 9 PW 1.4 [127]
Mg7Sn, C 7.238Sn, 0.027Al, <0.001Fe, 0.035Mn, 0.003Zn 9 PW 1.6 [127]
Mg1Ga, C 1.210Ga, 0.025Al, <0.001Fe, 0.02Mn, 0.003Zn 9 PW 0.3 [127]
Mg4Ga, C 3.889Ga, 0.017Al, <0.001Fe, 0.013Mn, 0.003Zn 9 PW 0.5 [127]
Mg7Ga, C 6.733Ga, 0.014Al, 0.001Fe, 0.035Mn, 0.003Zn 9 PW 1.0 [127]
Mg1In, C 0.863In, 0.018Al, 0.001Fe, 0.027Mn, 0.003Zn 9 PW 0.5 [127]
Mg3In, C 2.636In, 0.013Al, 0.001Fe, 0.015Mn, 0.003Zn 9 PW 0.6 [127]
Mg7In, C 7.363In, 0.015Al, 0.001Fe, 0.01Mn, 0.002Zn 9 PW 0.7 [127]
2013 Matsubara AM50, C 4.73Al, 0.0023Fe, 0.23Mn, 0.01Zn 6 PW 22.68 [128]
AM60, C 6.08Al, 0.0033Fe, 0.46Mn, 0.02Zn 6 PW 3.53 [128]
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quoted above for the corrosion of high-purity Mg. The reason
was explained by Liu et al. [104], and relates to the metallurgy of
the wrought Mg studied by Prado et al. [76,77]. This explanation
is summarised in the next section.
The HZG Mg ingot evaluated by Qiao et at [106] produced cor-
rosion rates much higher than that of HP Mg, and a corrosion mor-
phology consistent with the precipitation during solidification of
Fe rich particles, despite the fact that the HZG Mg had a composi-
tion that led to the expectation that the material was high-purity
Mg. The experiments showed that it was not. The works by Liu
et al. [104], Prado and co-workers [76,77] and Qiao et al. [106] indi-
cate that precipitation of Fe rich phases during heat treatment,
solidification or during hot working can produce Mg that behaves
as low-purity Mg even though the Fe concentration was below the
tolerance limit for a casting.-331.2. Impurity elements
Particularly deleterious to the corrosion behaviour of Mg alloys
are the impurity elements Fe, Ni, Cr and Co [1,2,4,5,9,104]. The cor-
rosion rate is high when the impurity element concentration is
greater than their tolerance limit. Fe is particularly dangerous, be-
cause Fe is easily picked up from the Fe containers used to handle
molten Mg, and from the tools during mechanical working [129].
The Fe tolerance limit for unalloyed cast Mg is 180 ppm. How-
ever, Liu et al. [104] predicted that heat-treated Mg would have a
Fe tolerance limit 2 ppm, because the Mg–Fe phase diagram pre-
dicts that heat treatment causes the precipitation of an iron rich
phase for a greater Fe content. This prediction was verified by
the fact that HP Mg heat treated at 550 C had significantly higher
corrosion rates than the as-cast HP Mg, see Table 1. This is also
consistent with the fact that, Pardo et al. [76,77] have produced-
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using wrought pure Mg.
If this prediction of Liu et al. [104] is true in general, then the Fe
impurities would be expected to dominate the corrosion behaviour
of heat-treated Mg alloys, unless the Mg alloys are produced in ul-
tra-high-purity form with the Fe content 2 ppm or lower, or un-
less the Fe content greater than 2 ppm is incorporated into a
second phase which has little deleterious influence.
If the prediction of Liu et al. [104] is correct, then it has not been
possible previously to study the intrinsic corrosion behaviour of
heat-treated Mg alloys, because it has not been possible to produce
ultra-pure Mg with an Fe content of 2 ppm.
Prasad et al. [130] showed that Zr could be used to purify mol-
ten Mg–X binary alloys, X = Y, Si, Sn, Ca, Sr, Ce, Gd, Nd, Li, La, Mn
and Zn. Prasad et al. [130] produced Mg–X alloys with a Fe content
of 5–40 ppm.
Understanding the corrosion behaviour of these high-purity
Mg–X alloys (X = Mn, Sn, Ca, Zn, Al, Zr, Si, and Sr), after heat-treat-
ment is an important aim of the present study. These alloying ele-
ments are the more cost effective ones, and consequently alloys
only containing these alloying elements are more likely to find
applications in auto construction where costs is always an impor-
tant consideration.
1.3. Ultra-high-purity Mg
This research follows our recent investigation into the corrosion
behaviour of ulta-pure (UP) Mg produced by distillation [107] in
3.5% NaCl solution saturated with Mg(OH)2. The intrinsic corrosion
rate measured with weight loss, PW = 0.25 ± 0.07 mm y1, was
slightly smaller than that for high-purity (HP) Mg [105,106]. Some
specimens had somewhat higher corrosion rates attributed to
localised corrosion. The average corrosion rate measured from
hydrogen evolution, PAH, was lower than that measured with
weight loss, PW, attributed to dissolution of some hydrogen in
the specimen. The amount of Mg dissolution under electrochemi-
cal control related to only a small amount of the total Mg dissolu-
tion. A new hydride dissolution mechanism was proposed.
1.4. Alloying elements in solid solution
The present research was formulated with the aim to study the
intrinsic influence of alloying on the corrosion of Mg alloys. Alloy-
ing elements in solid solution can influence the corrosion behav-
iour of Mg alloys in the following ways [1,2,4,5]. (i) The alloying
element in solid solution can alter the surface film on the Mg alloy,
which may increase or decrease the corrosion rate depending on
the manner of alteration of the surface film. This mechanism can,
in principle, produce a Mg alloy with a corrosion rate lower than
that of HP Mg, although there is no convincing report to date of
the success of this approach to Mg alloy development. (ii) There
is also the possibility that alloying element in solid solution could
change the exchange current density of the cathodic reaction of
hydrogen evolution of the Mg alloy, which could also produced a
Mg alloy with either an increased or decreased corrosion rate.
There is no known application of this concept. (iii) The alloying ele-
ment can increase the solubility limit of an impurity element such
as iron, making the alloy more tolerant to higher impurity concen-
trations. This approach, however, does not produce an alloy with a
corrosion rate lower than that of HP Mg. (iv) A second phase can
form when the alloying element exceeds the solubility limit. Sec-
ond phases nearly always increase the corrosion rate because of
micro-galvanic acceleration of the corrosion of the matrix, unless
there is so much second phase that the second phase forms a con-
tinuous network. Then, the corrosion rate can be lower than that of
HP Mg, if the second phase has a corrosion rate lower than that of-34-HP Mg. However Mg alloy second phases are intermetallics, which
are brittle. (v) The alloying element, X, may alter the electrochem-
ical characteristics of an existing second phase (or cause the forma-
tion of a different second phase) in a particular Mg alloy, render the
second phase less damaging (or more damaging), and thereby de-
crease (or increase) the corrosion rate of the two phase alloy with
the alloying element (i.e. Mg alloy with X) compared with the alloy
without the alloying element (i.e. Mg alloy without X). Neverthe-
less the corrosion rate of the Mg alloy with the alloying element
X is still larger than that of HP Mg, because there is still micro-gal-
vanic acceleration of corrosion (as per (iv)). (vi) The alloying ele-
ment may cause the formation of inclusions or similar particles,
such as oxides, carbides, silicides or complex combinations of
these. The influence of such particles on the corrosion behaviour
has not been considered previously.
Thus, an alloying element in solid solution [1,2,4,5] could pro-
duce a Mg alloy with a corrosion rate lower than that of HP Mg
by two mechanisms: (i) the alloying element could improve the
surface film, or (ii) the alloying element could change the electro-
chemistry of the alloy. However, there has been little research on
this topic.
There is evidence that Zn has a low exchange current density for
the hydrogen evolution reaction [131,132]. Mg–Zn alloys thus
might have corrosion rates lower than that of HP Mg if the Mg–
Zn alloys also have a similar low exchange current density for
the hydrogen evolution reaction.
Fairman and Bray [133] used X-ray and electron diffraction to
analyse the passivating Mg(OH)2 surface films formed in distilled
water and aqueous environments. They reported that two Al3+ ions
were incorporated into the tetrahedral Mg(OH)2 lattice by replac-
ing three Mg2+ ions resulting in vacant lattice sites. Moreover,
there is evidence that indicates that the corrosion rates of MgAl al-
loys decrease with increasing Al content [4,104,134], although all
the corrosion rates are greater than that for HP Mg. Hort et al.
[135] found that the corrosion rate decreased with increasing
amounts of Gd in solid solution in Mg. Liu and co-workers [136–
138] carried out detailed analysis of surface films on Mg and
Mg–Al intermetallics. Liu et al. [139] found that Mg–Y alloys had
a more protective film in a dilute sulphate solution. El-Moneim
et al. [140] examined the corrosion of sputter-deposited Mg–Zr al-
loys in a borate buffer solution at pH 8.7, and found increasing con-
centrations to 29 at.% Zr decreased the corrosion rate of the Mg–Zr
alloys by more than four orders of magnitude.
This analysis indicates that the high-purity Mg–X alloys
(X = Mn, Sn, Ca, Zn, Al, Zr, Si, and Sr) in the solution heat-treated
condition should have corrosion rates equal to that of high-purity
Mg, and there is some expectation that Mg5Zn and Mg6Al could
have corrosion rates lower than that of HP Mg.
1.5. Second phases
There is, in contrast, much research [2,4,5,141–146] that has
indicated that second phases accelerate the corrosion of two-phase
Mg alloys. Second-phase particles cause micro-galvanic accelera-
tion of the corrosion of the Mg matrix, and the corrosion rate of
the Mg alloy is typically significantly larger than that of high-pur-
ity Mg.
1.6. Mg corrosion mechanism
An understanding of the Mg corrosion mechanism is important
to the interpretation of the corrosion measurements, because Mg
corrosion has some strange manifestations such as: (i) the speed
of the cathodic reaction appears to increase for anodic polarisation
rather than decrease [2,4,5,105,106] and (ii) the corrosion rate
measured by electrochemical methods, such as electrochemical
64 F. Cao et al. / Corrosion Science 76 (2013) 60–97impedance spectroscopy and Tafel extrapolation, is typically less
than the corrosion rate measured by weight loss [2,4,5,105,106].
The last comprehensive analyses of the Mg corrosion mechanism
were carried out by Shi et al. [134,147]. All the experimental evi-
dence is consistent with the following mechanism
[1,2,4,5,9,134,147,148]. The overall reaction is:
Mgþ 2H2O!MgðOHÞ2 þH2 ð1Þ
The anodic partial reaction occurs in two steps, in which a frac-
tion k of Mg+ ions take part in the second electrochemical step:
Mg!Mgþ þ e ð2Þ
kMgþ ! kMg2þ þ ke ð3Þ
The complement (1  k) of uni-positive ions, Mg+, reacts by the
following:
ð1 kÞMgþ þ ð1 kÞH2Oþ ð1 kÞOH
! ð1 kÞMgðOHÞ2 þ 1=2ð1 kÞH2 ð4Þ
The cathodic partial reaction is:
ð1þ kÞH2Oþ ð1þ kÞe ! 1=2ð1þ kÞH2 þ ð1þ kÞOH ð5Þ
This mechanism predicts that the corrosion rate evaluated from
electrochemical measurements, Pi, is lower than the actual corro-
sion. The apparent electrochemical valence, Ve,H, can be obtained
from:
Ve;H ¼ 2PiPH ð6Þ
provided that the corrosion rate measured from the evolved hydro-
gen, PH, is a good measure of the instantaneous corrosion rate as
measured by weight loss, PW. When PH is substantially less than
PW, because a substantial amount of hydrogen dissolves in the Mg
metal, the apparent valence, Ve,W, can be evaluated from
Ve;W ¼ 2PiPW ð7Þ
The above Mg corrosion model is consistent with all existing exper-
imental data, (i) particularly the measurements of an apparent va-
lence of less than 2 [105,106,149], and (ii) that the amount of
evolved hydrogen increases with anodic polarisation, (as anodic
polarisation increases the amount of Mg+ and consequently the
amount of hydrogen produced by Eq. (4)).
Kirkland et al. [150] recently measured n, the charge per Mg ion
delivered by the external current. They maintained that their data
showed values of n greater than 2, which they maintained was not
consistent with the above model. Values of n greater than 2 are
also not consistent with the model proposed by Frankel et al.
[131], and are not physically possible. Furthermore, recalculation
of the data of Kirkland et al. [150] indicated values of n less than
n = 2 for each experimental condition. This contradicts their claim,
and is consistent with the above corrosion model. Fankel et al.
[131] proposed that there is no production of Mg+, and the in-
creased amount of hydrogen produced during anodic polarisation
is all due to the cathodic reaction Eq. (5) (with k = 0). Their model
requires that the apparent valence of Mg is always equal to 2, in
contradiction to the experimental evidence [9,105,106,149]. They
proposed that the amount of hydrogen produced by this cathodic
reaction is increased despite the fact that the cathodic reaction
on anodic polarisation is exponentially decreased in rate by activa-
tion polarisation. They proposed that the exchange current density
increased quicker than the exponential decrease due to activation
polarisation, see also [10]. They provided no justification why there
should be such a faster than exponential increase in the magnitude
of the exchange current density of this cathodic reaction on anodic
polarisation.-351.7. New hydride dissolution mechanism
The above uni-positve Mg+ ion model of Mg corrosion model is
consistent with existing experimental data that indicates an appar-
ent valence for Mg less than 2. The apparent valence for Mg should
be between 1 and 2 according to this model. The lower bound
apparent valence of 1 would occur for values of k = 0. This corre-
sponds to all of the Mg+ reacting with water according to the reac-
tion given by Eq. (4). In this case 50% of the Mg corrosion should
occur at the Mg metal surface and should be under electrochemical
control, 50% should occur away from the Mg metal surface and not
be under electrochemical control.
Our recent measurements [106] indicated values of apparent
valence for Mg less than 1.0. More recent measurements involving
ultra-pure Mg [107] indicated values of apparent valence as low as
0.1. Such low values of apparent valence for Mg are too low for the
Mg+ corrosion mechanism, for which the lowest value of apparent
valence for Mg is 1.0. Values of apparent valence less than 1.0 indi-
cate either (i) that the measurement of apparent valence (by Eq. (6)
or Eq. (7)) is not reliable, or (ii) there is some additional mechanism
for the dissolution of Mg that does not involve electrons at the Mg
surface.
The following new hydride dissolution mechanism was pro-
posed [107] associated with the dissolution of some evolved
hydrogen from the gas phase into Mg to form MgH2:
Mgþ 2H!MgH2 ð8Þ
This MgH2 can react with water via:
MgH2 þ 2H2O!Mg2þ þ 2OH þ 2H2 ð9Þ
The overall reaction, the sum of Eq. (8) plus Eq. (9), is the same
as Eq. (1).
1.8. Salt spray testing
Much of the above research has been carried out using Mg spec-
imens immersed in aqueous solutions. Aqueous solutions contain-
ing 3% NaCl have been popular. However, automobiles and
aircraft do not spend their service lifetimes immersed in such solu-
tions. This raises the issue of the appropriateness of such a research
approach to provide insights of relevance to auto or aircraft service.
Some insights regarding relevance would be provided by carrying
out a comparison between immersion tests and salt spray tests,
since it might be argued that salt spray might better reflect service
for autos exposed near the sea to sea mist, or to salt spray in cold
countries where de-icing salts are common, even though it is
recognised that salt spray testing does have issues [151].1.9. Aims
The aims of this research were:
1. to study the corrosion behaviour of binary Mg–X alloys (X = 1%
Mn, 5% Sn, 0.3% Ca, 5% Zn, 6% Al, 0.1% Zr, 0.3% Si, 0.1%Sr), with a
Fe content of 5–40 ppm, with each alloy in the as-cast condition
and also in the solution heat-treated condition to have all the
alloying elements in solid solution. HP Mg, as used in our prior
research [105,106], was included as a reference standard,
2. to test the prediction that the Fe tolerance limit is 2 ppm for
solution heat-treated Mg–X alloys,
3. to explore the possibility of a new hydride dissolution mecha-
nism for Mg by exploring the relationship between the corro-
sion rates measured using electrochemical methods, and the
corrosion rate evaluated from hydrogen evolution and weight
loss, and-
Table 2
Chemical composition of two samples of each Mg–X alloy, in wt ppm.
Alloy Al Ca Co Cr Cu Fe Ge Mn Ni Pb Si Sn Sr W Zn Zr
HP Mg 6 11 0 1 1 1 1 8 4 1 17 2 1 15 1 1
HP Mg 5 9 0 0 1 1 1 9 4 2 21 2 0 14 1 1
Mg0.1Sr 98 27 1 10 29 22 1 446 8 5 463 77 1084 10 47 32
Mg0.1Sr 105 22 1 9 28 25 2 435 9 4 473 81 1066 9 50 34
Mg0.3Si 57 32 3 4 25 16 1 391 25 1 2658 81 3 57 47 38
Mg0.3Si 51 34 4 6 23 25 0 419 29 0 2774 89 2 49 42 34
Mg0.3Ca 55 2553 2 5 25 8 1 559 5 20 319 36 4 71 52 23
Mg0.3Ca 60 2615 1 4 22 16 1 573 4 16 293 41 3 65 43 19
Mg0.1Zr 54 33 1 10 19 16 3 357 3 92 739 207 2 62 43 1317
Mg0.1Zr 43 25 1 17 14 9 1 339 2 104 773 218 1 52 38 1337
Mg1Mn 107 72 1 1 13 5 1 11,295 1 15 125 95 4 6 44 50
Mg1Mn 95 62 0 1 11 0 0 11,338 2 18 100 104 3 5 36 42
Mg6Al 55,274 20 5 5 24 28 1 472 49 32 239 9 1 23 63 192
Mg6Al 55,723 26 4 3 29 41 0 463 55 38 256 7 0 29 76 225
Mg5Sn 239 27 0 7 25 25 1 412 7 2 260 50,461 4 37 48 147
Mg5Sn 253 31 0 9 18 34 0 442 5 1 293 50,821 3 41 53 153
Mg5Zn 94 24 0 8 25 32 0 534 18 20 286 142 3 921 50,391 131
Mg5Zn 115 18 0 12 31 36 0 555 12 16 306 156 2 953 50,621 140
Table 3
Solution heat-treatments for each Mg–X alloy.
Mg alloy Step 1 Step2 Step3
Mg1Mn 6 h at 500 C 42 h at 580 C Water quenched
Mg5Sn 6 h at 400 C 42 h at 500 C Water quenched
Mg0.3Ca 6 h at 400 C 42 h at 450 C Water quenched
Mg5Zn 6 h at 300 C 42 h at 500 C Water quenched
Mg0.3Si 6 h at 500 C 42 h at 580 C Water quenched
Mg6Al 6 h at 420 C 42 h at 500 C Water quenched
Mg0.1Zr 6 h at 500 C 42 h at 570 C Water quenched
Mg0.1Sr 6 h at 500 C 42 h at 550 C Water quenched
F. Cao et al. / Corrosion Science 76 (2013) 60–97 654. to carry out comparative salt spray tests to shed light on the rel-
evance of immersion testing.
2. Experimental methods
2.1. Materials and specimens
The approach was as in our recent research [105–107].
The target amount of each alloying element in the Mg–X alloys
was either 5 wt.% or close to the maximum soluble in the Mg ma-
trix at the solution heat-treatment temperature. In some cases the
actual amount in the alloy was somewhat less than the target
amount.
Each Mg–X alloy was prepared as follows. Clean HP Mg pieces
were melted in an aluminium titanate crucible. An appropriate
amount of the alloying element, or master alloy containing the
alloying element, was added to ensure a molten alloy of the
appropriate composition. The master alloys typically contained
1000 ppm Fe. The molten Mg–X alloy was purified by adding
150 ppm Zr [130] to the melt. The melt was allowed to stand
for an hour at 670 C to allow the Zr to combine with the impu-
rity element Fe, and for the Fe2Zr particles to settle to the bottom
of the melt. The molten Mg–X alloy was cast into round steel
moulds of diameter of 12 mm. Table 2 presents the chemical
composition of the Mg–X alloys as determined by optical emis-
sion spectroscopy (ICP-OES) by the Analytical Services Unit at
the School of Agricultural and Food Sciences, The University of
Queensland. The Fe content was in the range 0–40 wt ppm for
each alloy. Thus these Mg–X alloys were high purity in the sense
that the Fe content is less than the tolerance limit for as-cast Mg
alloys [4,5,104].-36-Table 3 provides the details of the solution heat treatment for
each Mg–X alloy, carried out to solutionize the alloying element.
A segment about 40 mm long of each cast Mg–X alloy was placed
in a glass tube, which was filled with asbestos. The encapsulated
Mg–X alloy segment was buried in sand in a steel dish, placed in
a muffle furnace, heated to a temperature about 100 C below
the eutectic temperature, held at this temperature for 6 h, heated
to a temperature close to the eutectic temperature, held at this
temperature for 42 h, and quenched into cold water.
The microstructure of each Mg–X alloy was characterised using
scanning electron microscopy (SEM). Each specimen for micro-
structure analysis, was polished to 0.25 lm diamond, and etched
using a solution that contained 1 mL HNO3, 20 mL acetic acid,
20 mL H2O, made up to 100 mL using ethanol. The chemical com-
position of selected microstructure features was analysed using
an Energy Dispersive Spectrometer (EDS).
Plug-in specimens [105] for corrosion testing were cut from
each Mg–X alloy segment, as either a cylinder 12 mm in diameter
 5 mm in length, or a cuboid of dimensions: 10 mm  8 mm 
6 mm. The specimens were cylindrical for all as-cast Mg–X alloys
and solution heat-treated Mg–X alloys Mg1Mn, Mg5Sn, Mg0.3Ca
and Mg0.1Sr. The specimens were cuboids for solution heat-trea-
ted alloys HP-Mg, Mg5Zn, Mg6Al, Mg0.1Zr and Mg0.3Si. All speci-
men surfaces were ground with a succession of SiC papers to 2000
grit SiC paper, washed, dried, and the specimen was weighed, to
give the weight before testing, Wb.
Each specimen for salt spray testing was also cut from an Mg–X
alloy segment as a short cylinder, 12 mm in diameter and 5 mm in
length. The surfaces were prepared in the same manner as the
plug-in specimens.
The surface of each corroded specimen after the immersion test,
and after the salt spray test, was examined and documented using
a macro digital camera, SEM and EDS, after removal of the corro-
sion products.
2.2. Immersion tests
The solution was 3.5% NaCl aqueous solution saturated with
Mg(OH)2. The solution was made by dissolving the appropriate
amount of NaCl in distilled water, adding an excess of Mg(OH)2,
and filtering the solution using a 1 lm filter paper. Reagent grade
chemicals were used. The temperature was 25 ± 2 C, maintained
constant by the air-conditioning of the laboratory. The immersion
test duration was 7 days.
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men as the working electrode [105]. This allowed simultaneous
measurement of the corrosion rate using electrochemical imped-
ance spectroscopy and from the evolved hydrogen, which was col-
lected into a burette by a funnel above the corroding specimen. The
counter electrode (a Pt mesh 5 mm  10 mm) and the reference
electrode (Ag/AgCl/Sat KCl) were positioned vertically at the edge
of the funnel. Polarisation curves were measured towards the
end of the seven-day immersion test. Weight loss was evaluated
after the end of the immersion test. Duplicate specimens were used
for each measurement.
2.3. Hydrogen evolution
The volume of hydrogen was measured at 25 C. The instanta-
neous corrosion rate, PH (mm y1), was evaluated from the instan-
taneous hydrogen evolution rate, VH (mL cm2 d1) (the slope of
the curve of the volume of evolved hydrogen versus time), using
[105,106]
PH ¼ 2:088VH ð10Þ
The average corrosion rate, PAH (mm y1), was evaluated from the
total hydrogen evolution rate, VHT (mL cm2 d1) (total volume of
evolved hydrogen per unit specimen area divided by total immer-
sion period).
Following the approach of our prior paper [107], the maximum
possible error in the corrosion rate determined from hydrogen evo-
lution, ePH, was determined from [152]:
ePH ¼ eVVH þ
eA
A
þ etL
tL
 
 PH ð11Þ
where A (cm2) is the surface area of the specimen, tL (day) is the
immersion duration, eV is the error in the measurement of the
hydrogen evolution rate, eA is the error in the measurement of the
specimen area, etL is the error in the measurement of the immersion
time, and all the errors are positive quantities when evaluating the
maximum possible error.
During the immersion test, hydrogen was evolved from the
corroding Mg surface, and collected in the burette above the cor-
roding sample. As these bubbles rose in the burette, some hydro-
gen dissolved into the solution, and simultaneously, some
nitrogen and oxygen was displaced from the solution. Our recent
paper [107] concluded that the amount of dissolved hydrogen
was essentially equal to the amount of displaced nitrogen and
oxygen.
2.4. Electrochemical measurements
Electrochemical impedance spectra (EIS) were measured in the
frequency range from 987 kHz to 10 mHz with an AC amplitude of
8 mV. The polarisation resistance, RP, was measured as the resis-
tance at the lowest frequency, and fitted using the software of
ZView-3.0 (by Scribe Associates, Inc., USA) (Note, this evaluation
of RP did not include the solution resistance Rs [153]). The corrosion
current density, icorr/EIS (mA cm2) was derived from the polarisa-
tion resistance, RP, the slope of the cathodic polarisation curve,
using [153–155]:
icorr ¼ bcba2:3Rpðbc  baÞ
ð12Þ
where bc is the slope of the cathodic polarisation curve, and ba is the
slope of the anodic polarisation curve. The values of bc and ba were
evaluated from the polarisation curves measured after 7 day
immersion.-37Cathodic polarisation curves were measured from Ecorr + 20 mV
to Ecorr  250 mV at a scan rate of 10 mVmin1, after seven day
immersion in the solution. Both the Tafel extrapolation method
and Levenberg–Marquardt (LEV) [105,156–158] method were used
to evaluate the corrosion current density, icorr (mA cm2) using the
software of CorrView-3.0 (by Scribe Associates, Inc., USA). The cor-
rosion current density, icorr (mA cm2) or icorr/EIS (mA cm2) was
used to calculate the instantaneous corrosion rate, Pi (mm y1),
using [105,146,153]:
Pi ¼ 22:85icorr ð13Þ
The LEV method provides a best fit of the measured polarisation
curve (that is to the measured values of potential E and correspond-
ing current density i) to the following equation:
i ¼ icorr 10
EcorrE
ba þ 10EcorrEbc
 
ð14Þ
and provides best fit values of icorr, ba and bc.
2.5. Weight loss
Each specimen was weighed after the seven-day immersion
test, to give the specimen weight after testing with the corrosion
products on the specimen surface, Wawc. The corrosion products
were removed by immersion of the specimen in the chromic acid
cleaning solution till no bubbles were evolved. The chromic acid
cleaning solution contained a CrO3 concentration of 200 g L1
and AgNO3 at a concentration of 2 g L1. Shi and Atrens [105] found
that this solution removed all corrosion products from the samples
but removed no metallic Mg. Measurements within this study indi-
cated that the removal of metallic Mg by the chromic acid cleaning
was less than 0.0003 g, even after repeated re-cleanings of 10 min
duration with the chromic acid solution, as documented in Appen-
dix A. The specimen was washed, dried with cold and warm air,
and weighed to give Wa (mg) the weight of the specimen after
the removal of corrosion products after the immersion test. The
weight loss rate, WL (mg cm2 d1) was determined from
[105,153]:
WL ¼Wb WaAtL ð15Þ
whereWb (mg) is the dry weight of the specimen before the immer-
sion test. The corrosion rate, PW (mm y1) was determined from
[105,146,153,159]:
PW ¼ 2:10WL ð16Þ
The error in the measurement of the corrosion rate was evaluated as
the maximum possible error, ePW, determined from [152]:
ePW ¼ eWb þ eWaWb Wa þ
eA
A
þ etL
tL
 
 PW ð17Þ
where eWb is the error in the weight of the specimen before the
immersion test, and eWa is the error in the weight of the specimen
after the immersion test.
2.6. Salt spray test
The specimens were tested in salt spray according to the stan-
dard ASTM B-117. Specimens were placed in an enclosed chamber
and exposed to a continuous indirect spray of neutral (pH 6.5–7.2)
5 wt.% NaCl solution, which fell onto the specimens at a rate of-
F. Cao et al. / Corrosion Science 76 (2013) 60–97 670.013–0.025 mL cm2 h1, at a temperature of 35 C. The test dura-
tion was seven days. The corrosion rate, PW,salt spray, was deter-
mined using Eqs. (15) and (16).3. Results
3.1. Microstructures
Fig. 1 presents the microstructure (as documented by SEM) of
the Mg–X alloys. Fig. 1(a–h) present the microstructure for the
as-cast Mg–X alloys, and Fig. 1(i–p) present the microstructure
for the solution heat-treated Mg–X alloys: Fig. 1(a) and (i) for
Mg1Mn; Fig. 1(b) and (j) for Mg0.3Ca; Fig. 1(c) and (k) for Mg0.1Zr;
Fig. 1(d) and (l) for Mg0.1Sr; Fig. 1(e) and (m) for Mg6Al; Fig. 1(f)
and (n) for Mg5Zn; Fig. 1(g) and (o) for Mg5Sn, and Fig. 1(h) and
(p) for Mg0.3Si. The scales of the figures are different to best pres-
ent the most important microstructure features of each. In the as-
cast alloys the important features were the second phases, and so a
fairly small magnification was appropriate. In contrast, in the solu-
tion heat-treated condition these second phases had been dis-
solved. The remaining microstructure features were small
particles, and these were better examined at a higher
magnification.
The microstructure of each as-cast Mg–X alloy contained at
least 1 second phase. The second phases occurred as isolated par-
ticles or clusters in the following alloys: Mg1Mn, Mg0.3Ca,
Mg0.1Zr, and Mg0.1Sr. For Mg6Al, Mg5Zn and Mg5Sn, there wasFig. 1. Microstructures of (a) to (h) as-cast Mg–X alloys, and (i) to (p) solution heattreate
particles of second phase. The second phase was distributed homogeneously in as-cast M
cast Mg5Sn and Mg0.3Si. Solution heat-treated Mg–X alloys contained no second phase
-38-a substantial amount of the second phase. These appeared to be
distributed homogeneously for Mg6Al and Mg5Zn. For Mg5Sn
and Mg0.3Si, the second phase occurred along dendrite boundaries
and formed a net-like structure.
The solution heat-treated alloys typically had large grains as is
evident in Fig. 1(j) for Mg0.3Ca, consistent with the fact that each
alloy was a solution heat-treated casting. Fig. 1(k) reveals micro-
twins in Mg0.1Zr. Each solution heat-treated Mg–X alloy was
single phase, consistent with the alloying element having been dis-
solved by the heat treatment in each case. Each alloy contained
particles dispersed fairly homogeneously throughout, although
Fig. 1(p) indicates that some particles were located preferentially
at the grain boundaries for Mg0.3Si.
Table 4 presents EDS analyses of the particles for each alloy
after heat treatment. Most of the particles contained some of the
alloying element X, and most contained some of (or several of)
the following elements: O, Si, C and Zr. Each EDS analysis was typ-
ically for an area  4 lm in diameter. The analysis area was typi-
cally greater than the particles size, so that the EDS analysis had
a contribution from the surrounding Mg matrix. The consequence
was that the Mg content was over represented, and the content
of the other elements was under represented.
Fig. 1(i), and the EDS results in Table 4, show that the solution
treated Mg1Mn contained bright particles (‘‘P’’), and some diffuse
surface contamination (‘‘C’’) assessed as most likely to be Mg(OH)2.
Each bright particle contained some Mn, and a small amount of O,
Si and C. The Mn, O, Si and C contents for the bright particles were
greater than that measured from the adjacent matrix. These brightd Mg–X alloys. As-cast Mg1Mn, Mg0.3Ca, Mg0.1Zr, and Mg0.1Sr contained isolated
g6Al and Mg5Zn, whereas the second phase was along dendrite boundaries for as-
particles, although there were some particles present in the microstructure.
Table 4
Composition, analysed by EDS, of particles in each solution heat-treated Mg–X alloy, in wt.%.
Mg alloy Type Mg Alloying element, X O Si C Zr Mn Other
Mg1Mn Bright particles 91 5Mn 1 1 2 – 5 –
95 2 Mn 1 0.5 1.5 – 2 –
77 2Mn 10 3 8 – 2 –
Mg0.3Ca Bright particles 69 0.5Ca 6.5 – 12 12 – –
71 0.5Ca 2 – 16 – 0.5 –
70 16Ca 6 – 6 2 – –
31 0.5Ca 5.5 – 8 53 1 1Fe
Porous area 93 – 1 – 6 – – –
92 1.5Ca 1.5 1 4 – – –
93 – 1.5 – 5.5 – – –
Mg0.1Zr Particles cluster 90 9Zr – 1 – 9 – –
65.5 16Zr 7.5 2 9 16 – –
82 14Zr 1.5 2.5 – 14 – –
Mg0.1Sr Bright particles 80.5 – 9 1 9 – 0.5 –
77 – 8 2.5 10 – 2.5 –
Particle cluster 77 – 8 0.5 7.5 7 – –
Mg6Al Bright particle 68 10Al 8 8 – – 6 –
80 7.5Al 5 5 – – 2.5 –
88 6Al 3 3 – – – –
35 7Al 18 15 – 25 – –
Mg5Zn Bright particle 54 36Zn 1.5 3 3 – 2.5 –
64 15Zn 2 6 – – 13 –
62 23Zn 1 3 – – 8 3Cu
Grey particle 89 6Zn 2 3 – – – –
86 6Zn 3 5 – – – –
75 6Zn 7 2 – 10 – –
Mg5Sn Bright particles 69 13Sn 3 15 – – – –
90 7Sn – 1 – – 2 –
37 4Sn 11 – – – – 15Fe 33P
Grey particles 85 9Sn 2 3 – – 1 –
85 8Sn 5 1 – – 1 –
Mg0.3Si Bright particles 98 – 5 – 1.5 – – –
97 – – – 3 – – –
68 F. Cao et al. / Corrosion Science 76 (2013) 60–97particles were consequently identified as a complex Mg–Mn
oxide–silicide–carbide although it was conceivable that they could
have been a complex Mn oxide–silicide–carbide.
Fig. 1(j) shows that the solution treated Mg0.3Ca contained
bright particles (marked as ‘‘P’’), some small particles (‘‘S’’), and
some areas that appeared porous (‘‘D’’). Three of the bright par-
ticles contained some Zr, C and O. These were identified as com-
plex Mg-Zr oxy-carbides, although they could have been Zr oxy-
carbides. The small particles could not be analysed by EDS be-
cause their size was too small to allow an analysis that was dif-
ferent to that of the matrix. Nevertheless, these small particles
could have been smaller versions of the bright particles. The
other bright particles, and each area that appeared porous, con-
tained some C and O, and these are tentatively identified as Mg
oxy-carbides.
Fig. 1(k) shows that the solution treated Mg0.1Zr contained par-
ticle clusters (‘‘C’’), and some bright particles (‘‘P’’). Each particle
cluster and each bright particle contained a substantial amount
of Zr and some Si, and some contained a substantial amount of oxy-
gen and carbon. These were identified as a complex Mg–Zr silicide
(or Mg–Zr oxy-silicide(–carbide)) or they could have been a com-
plex Zr silicide (or Zr oxy-silicide(–carbide)).
Fig. 1(l) shows that the solution treated Mg0.1Sr contained par-
ticle clusters (‘‘C’’), and some bright particles (‘‘P’’). Each bright par-
ticle contained some O, Si and C. These were identified as a
complex Mg–oxy-carbide–silicide. Each particle cluster contained
some Zr, O, C and Si. These were identified as a complex Mg–Zr
oxy-carbide–silicide, although they could have been a complex Zr
oxy-carbide–silicide.-39Fig. 1(m) shows that the solution treated Mg6Al contained
bright particles (‘‘P’’), and some diffuse surface contamination
(‘‘C’’) assessed as most likely to be Mg(OH)2. Each bright particle
contained some Al, O and Si. These bright particles were identified
as a complex Mg–Al oxide–silicide or they could have been a com-
plex Al oxide-silicide.
Fig. 1(n) shows that the solution treated Mg5Zn contained
bright particles (‘‘P’’), and some grey particles (‘‘G’’). Each bright
particle, and two of the grey particles, contained a substantial
about of Zn and some O and Si. These were identified as complex
Mg–Zn oxy-carbide–silicides or they could have been complex Zn
oxy-carbide–silicides. The other grey particle analysed contained
a substantial about of Zr and some Zn, O and Si. This was identified
as complex Mg–Zr–Zn oxy-silicide or it could have been complex
Zr–Zn oxy-silicide.
Fig. 1(o) shows that the solution treated Mg5Sn contained
bright particles (‘‘P’’) of various sizes. Each bright particle con-
tained some Sn and Si, and a small amount of O. These bright par-
ticles were identified as a complex Mg–Sn-Si oxide or a complex
Sn–Si oxide.
Fig. 1(p) shows that solution treated Mg0.3Si contained bright
particles along grain boundaries (‘‘P’’), and small bright particles
inside the grains (‘‘S’’). The bright particle contained some C and
some C and O. These were identified as a complex Mg–carbide
and Mg–oxy-carbide. The small particles could not be analysed
by EDS because their size was too small to allow an analysis that
was different from that of the matrix. Nevertheless, these small
particles could have been smaller versions of the bright particles
along the grain boundaries.-
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All the corrosion data is presented together in Tables 5 to allow
easy comparison. The data has been arranged so that the data is
introduced from left to right to make it easier on the reader.
Tables 5a and 5b present the data for as-cast high-purity Mg
and as-cast Mg–X alloys, immersed for 7 days in 3.5% NaCl solution
saturated with Mg(OH)2. The weight loss rate data are presented in
the column under WL, the corresponding corrosion rate data are in
the column under PW, and the column under ePW contains the data
for the associated error in the measurement of PW. The agreement
between the measurements for the duplicate specimens was with-
in 30% for most alloys except for Mg1Mn, Mg0.3Si and Mg0.1Zr, for
which the differences were a factor of 2 or more. The alloys in
Table 5a have been sorted in terms of increasing average corrosion
rate from weight loss, PW.
Table 5c presents the weight loss data for the solution heat-
treated Mg–X alloys immersed for 7 days in 3.5% NaCl solution sat-
urated with Mg(OH)2. With few exceptions, the weight after
immersion testing and before removal of corrosion products,Wawc,
was less than the weight before immersion testing,Wb. The overall
corrosion reaction, Eq. (1), indicates that each atom of Mg corrodes
to form a molecule of Mg(OH)2. There would be a weight gain if all
the Mg(OH)2 remains on the specimen surface. As Wawc, was typi-
cally less than Wb, the implication is that the corrosion products
did not in general all remain on the specimen. There were differ-
ences between the corrosion rate, PW for duplicate specimens. Nev-
ertheless, in all cases the agreement was within 40%. The alloys in
Table 5c have been sorted in terms of increasing average corrosion
rate as measured by weight loss, PW.
3.3. Hydrogen evolution
Figs. 2a and 2b show the volume of evolved hydrogen for the as-
cast Mg–X alloys immersed for 7 days in 3.5% NaCl solution satu-
rated with Mg(OH)2. For HP Mg, Mg0.3Ca, Mg1Mn, Mg0.1Sr,
Mg5Sn, and Mg0.3Si the evolved hydrogen volume increased
nearly linearly with immersion time. In contrast, for Mg6Al, Mg5Zn
and Mg0.1Zr, the evolved hydrogen volume increased slowly ini-
tially, the rate increased more rapidly and then reached steady
state. The evolved hydrogen volume only for Mg0.3Ca was close
to that of HP Mg, whereas that for all the other alloys was higher
than that for HP Mg.
Figs. 3a and 3b show the corresponding instantaneous corrosion
rate, PH, evaluated form the daily hydrogen evolution rate using Eq.
(10). For Mg6Al, Mg5Zn and Mg0.1Zr, the corrosion rate increased
somewhat with time. For Mg0.1Si, the corrosion rate decreased
somewhat with time. For the other alloys there was little change.
The average corrosion rates of the alloys could be approximately
characterised by the following increasing sequence: HP Mg,
Mg0.3Ca, Mg1Mn, Mg0.1Sr, Mg6Al, Mg5Sn, Mg0.3Si, Mg5Zn,
Mg0.1Zr.
Table 5a also presents the data for the average hydrogen evolu-
tion rate, VHT, the corresponding average corrosion rate, PAH (mm
y1), and the associated measurement error, ePAH. The agreement
between PAH and PW can be assessed by the quantity |(PW  PAH)|/
PW. There was good agreement between PAH and PW for the Mg–X
alloys with substantial corrosion rates, whereas PAH was somewhat
less than PW for the other alloys with lower corrosion rates.
Figs. 4a and 4b present the volume of evolved hydrogen for the
solution heat-treated Mg–X alloys immersed for 7 days in 3.5%
NaCl solution saturated with Mg(OH)2. For HP Mg, Mg1Mn, Mg5Sn,
Mg5Zn, Mg0.3Si and Mg0.1Sr, the evolved hydrogen volume in-
creased approximately linearly with increasing immersion time.
For Mg0.3Ca, Mg6Al and Mg0.1Zr, the evolved hydrogen volume
increased slowly initially, the rate accelerated and then reached-40-
Table 5b
Calculations relating to hydrogen dissolving in as-cast HP Mg and as-cast Mg–X alloy specimens immersed at the open circuit potential (OCP) at 25 ± 2 C in 3.5% NaCl solution
saturated with Mg(OH)2 for 7 days. The mass of dissolved hydrogen was evaluated, mH2 as that which would cause the difference between PW and PAH (these are as in Tables 5). A
corrected corrosion rate, PW’, was calculated based on the assumption that this amount of hydrogen dissolved in the specimen. PW00 was calculated assuming that all mH2 formed
MgH2, which chemically reacted with water. Please see Section 4.2 for the relevant discussion.
Specimen PW (mm y1) PAH (mm y1) mH2 (g) PW0 (mm y1) mMgH2 (g) PW00 (mm y1)
HP-Mg01 0.79 0.42 0.0010 0.82 0.0134 0.39
HP-Mg02 0.54 0.37 0.0005 0.54 0.0063 0.34
Mg0.3Ca01 1.13 0.57 0.0007 1.18 0.0090 0.53
Mg0.3Ca02 1.37 0.44 0.0011 1.45 0.0141 0.38
Mg1Mn01 4.27 4.15 0.0001 4.28 0.0019 4.14
Mg1Mn02 1.51 0.99 0.0006 1.56 0.0082 0.96
Mg6Al01 4.95 4.79 0.0002 4.96 0.0029 4.78
Mg6Al02 3.67 3.40 0.0004 3.69 0.0050 3.38
Mg0.1Sr01 5.84 4.25 0.0022 5.96 0.0291 4.13
Mg0.1Sr02 4.68 3.89 0.0012 4.75 0.0152 3.84
Mg5Sn01 6.18 4.55 0.0021 6.31 0.0267 4.43
Mg5Sn02 5.46 4.45 0.0013 5.55 0.0175 4.38
Mg0.3Si01 10.6 8.47 0.0024 10.8 0.0316 8.36
Mg0.3Si02 6.50 5.12 0.0015 6.61 0.0191 5.02
Mg5Zn01 14.4 13.9 0.0007 14.6 0.0089 14.0
Mg5Zn02 15.9 13.1 0.0039 16.2 0.0508 13.0
Mg0.1Zr01 27.6 25.2 0.0033 27.9 0.0428 25.1
Mg0.1Zr02 6.92 6.62 0.0004 6.95 0.0058 6.60
Table 5c
Corrosion data for as cast HP-Mg and solution heat-treated Mg–X alloys immersed at the open circuit potential (OCP) at 25 ± 2 C in 3.5% NaCl solution saturated with Mg(OH)2 for
7 days. Also listed is the average Fe content of the two analyses given in Table 2.
Mg alloy Wb (g) Wawc
(g)
Wa (g) A
(cm2)
Time
(d)
PW
(mm y1)
[Fe]
(wtppm)
VHT
(mL)
PAH
(mm y1)
PH
(mm y1)
Pi
(mm y1)
Pi,EIS
(mm y1)
2Pi/
PH
2Pi/
PW
HP-Mg03 3.1430 3.1459 3.1270 10.2 14 0.24 1 12.7 0.19 0.16 – – – –
HP-Mg04 3.0383 – 3.0070 10.2 7 0.92 1 19.3 0.57 0.56 0.30 0.25 1.1 0.7
Mg1Mn01 2.1153 2.0983 2.0872 6.35 7 1.33 3 15.9 0.75 0.82 0.71 0.82 1.7 1.1
Mg1Mn02 1.6559 1.6548 1.6444 5.51 7 0.62 3 4.30 0.23 0.28 0.09 0.06 0.6 0.3
Mg5Sn01 1.5651 1.5448 1.5063 5.17 7 3.40 30 25.1 1.44 1.64 1.39 1.07 1.7 0.8
Mg5Sn02 1.6987 1.6739 1.6449 5.49 7 2.93 30 41.4 2.24 3.18 2.10 1.84 1.3 1.4
Mg0.3Ca01 0.8901 0.8925 0.8233 3.97 7 5.07 12 90.6 6.83 11.9 4.62 3.81 0.8 1.8
Mg0.3Ca02 1.9609 1.9650 1.9259 6.09 7 1.73 12 38.0 1.87 3.00 1.40 0.80 0.9 1.6
Mg5Zn01 0.5249 0.4841 0.4473 3.45 7 6.70 34 64.5 5.54 5.64 2.40 1.79 0.9 0.7
Mg5Zn02 0.4205 0.3828 0.3664 2.56 7 6.36 34 40.9 14.5 5.75 2.95 1.60 1.0 0.9
Mg6Al01 1.6397 1.6004 1.4151 5.47 7 12.2 35 215 11.7 24.3 6.88 13.0 0.6 1.1
Mg6Al02 0.8034 0.7876 0.7312 4.07 7 5.35 35 75 5.53 33.1 20.2 6.41 1.2 7.6
Mg0.1Zr01 0.5918 0.5698 0.4073 3.18 7 17.4 13 166 15.6 27.8 12.2 11.9 0.9 1.4
Mg0.1Zr02 0.5122 0.4588 0.3153 2.35 7 25.1 13 203 25.7 32.9 2.38 11.0 0.1 0.2
Mg0.3Si01 0.6043 0.3560 0.2908 3.23 7 29.1 21 297 27.4 21.1 0.27 0.18 0.1 0.1
Mg0.3Si02 0.7360 0.5843 0.5137 3.46 7 19.3 21 222 19.2 22.2 12.9 12.9 1.2 1.3
Mg0.1Sr01 1.6207 0.5265 0.4525 5.43 3 150 24 1260 160 137 0.65 5.82 0.1 0.1
Mg0.1Sr02 1.4341 0.3389 0.2978 5.04 3 155 24 1130 153 129 21.2 60.6 0.3 0.3
70 F. Cao et al. / Corrosion Science 76 (2013) 60–97steady state. Only one specimen evolved hydrogen at a rate lower
than that for HP Mg. This specimen was one of the two solution
heat-treated Mg1Mn specimens, and the evolution rate was
approximately linear.
Figs. 5a and 5b present the corresponding instantaneous corro-
sion rate, PH, evaluated from the daily hydrogen evolution rate
using Eq. (10). For Mg0.3Ca, Mg6Al and Mg0.1Zr, the corrosion rate
increased substantially with time. For the other alloys there was
little change. The average corrosion rates of the solution heat-trea-
ted Mg–X alloys could be approximately characterised by the fol-
lowing increasing sequence: HP Mg, Mg1Mn, Mg5Sn, Mg0.3Ca,
Mg5Zn, Mg6Al, Mg0.1Zr, Mg0.13Si, Mg0.1Sr.
Table 5c also presents the data for the average corrosion rate,
PAH (mm y1) for the solution heat-treated alloys. There was gen-
eral agreement between PAH and PW, particularly for substantial
corrosion rates, but PAH was somewhat less than PW for alloys with
lower corrosion rates.
Tables 5 also includes the instantaneous corrosion rate mea-
sured from the hydrogen evolution data during the 7th day of
immersion, PH, for comparison with the instantaneous measure--41ments of corrosion rates also measured during the seventh day of
immersion, Pi and Pi,EIS.
3.4. Electrochemical measurements
EIS spectra for specimens of Mg–X alloys fitted the shapes given
in Fig. 6(a) or Fig. 7(a), as in our prior research [107]. Typical fre-
quencies are indicated on these figures. The results of the fitting
are listed in Table 6.
Fig. 6(a) illustrates a typical Nyquist plot with the two capaci-
tive loops (CP): one CP was at high frequencies (HF) and the other
CP was at low frequencies (LF). Fig. 6(b) shows the equivalent cir-
cuit; RS is the solution resistance, Rf is the film resistance; Rt is the
charge transfer resistance; C1 and C2 are constant phase elements
in parallel with the resistive elements. Each constant phase ele-
ments has a capacitance (designated for example as C1,T) and an
associated phase angle (designated for example as C1,P). Fig. 6(c)
illustrates the physical model; there is a partly protective film,
which tends to becomemore protective with increasing immersion
time, until film breakdown can occur.-
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Fig. 2a. Hydrogen evolution volume during immersion testing at the open circuit
potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C
for as-cast HP Mg, and as-cast Mg–X alloys: Mg0.3Ca, Mg1Mn, Mg0.1Sr, and Mg6Al.
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Fig. 2b. Hydrogen evolution volume during immersion testing at the open circuit
potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C
for as-cast HP Mg, and as-cast Mg–X alloys: Mg5Sn, Mg0.3Si, Mg5Zn, and Mg0.1Zr.
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Fig. 3a. Corrosion rate PH during immersion testing at the open circuit potential
(OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C for
as-cast HP Mg, and as-cast Mg–X alloys: Mg0.3Ca, Mg1Mn, Mg0.1Sr, and Mg6Al.
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Fig. 3b. Corrosion rate PH during immersion testing at the open circuit potential
(OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C for
as-cast HP Mg, and as-cast Mg–X alloys: Mg5Sn, Mg0.3Si, Mg5Zn, and Mg0.1Zr.
F. Cao et al. / Corrosion Science 76 (2013) 60–97 71Fig. 7(a) shows a typical Nyquist plot with three arcs: a capac-
itive loop (CP) at high frequencies (HF), a capacitive loop (CP) at
medium frequencies (MF) and an inductive loop (ID) at low fre-
quencies (LF). Fig. 7(b) shows the equivalent circuit, which was
first proposed by Guadarrama-Munoz et al. [160]. Fig. 7(c) illus-
trates the physical model; Rfp is the resistance in the film above
the localised corrosion event or micro-galvanic event, C3 the asso-
ciated constant phase element in parallel, Rtp is the charge transfer
resistance associated with the localised corrosion events and mi-
cro-galvanic events, C4 the associated constant phase element in
parallel, and L the associated inductive element in parallel.
Figs. 8 and 9 present typical EIS data as Nyquist plots for the as-
cast and solution heat-treated Mg–X alloys, respectively, immersed
for 7 days in 3.5% NaCl solution saturated with Mg(OH)2. All spec-
imens produced EIS data that corresponded to that shown in
Fig. 7(a) except for solution heat-treated Mg1Mn and as-cast
Mg0.3Ca. Fig. 8(a) presents the Nyquist plot for solution heat-trea-
ted Mg1Mn. This corresponded to that shown in Fig. 6(a). As-cast
Mg0.3Ca produced a similar Nyquist plot, which is not shown here--42-in as there were no new features. Figs. 8 and 9 also show typical
Nyquist plots that demonstrate how the plots changed with
immersion time. The data extracted from the fitting of each curve
are presented in Table 6.
Fig. 8(a) presents the EIS Nyquist plots for as cast Mg1Mn. The
Nyquist plots were all similar in shape, and corresponded to type
Fig. 7(a). The diameters of the capacitance arcs changed during
the immersion period. The diameters increased to a maximum in
6 h, decreased to a stable value in the second day, and thereafter
were similar for the rest of the immersion test. The fitted data in
Table 6(a) show the same trend as Fig. 8(a). The film resistance,
Rf, and charge transfer resistance, Rt, both reached a high value at
6 h, reduced somewhat to the stable value in the 2nd day and re-
mained similar for the rest of the immersion test.
Fig. 8(b) presents the EIS Nyquist plots for as cast Mg0.1Zr. The
Nyqusist plots were all similar in shape, and corresponded to type
Fig. 7(a). The diameter of the capacitance loops reached a maxi-
mum value in 6 h, and thereafter decreased till the end of the
immersion test. The fitted data in Table 6(b) show the same trend
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Fig. 4a. Hydrogen evolution volume during immersion testing at the open circuit
potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C
for as-cast HP Mg, and solution heat-treated Mg–X alloys: Mg1Mn, Mg5Sn,
Mg0.3Ca, and Mg5Zn.
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Fig. 4b. Hydrogen evolution volume during immersion testing at the open circuit
potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C
for as-cast HP Mg, and solution heat-treated Mg–X alloys: Mg6Al, Mg0.1Zr, Mg0.3Si,
and Mg0.1Sr.
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Fig. 5a. Corrosion rate PH during immersion testing at the open circuit potential
(OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C for as-
cast HP Mg, and solution heat-treated Mg–X alloys: Mg1Mn, Mg5Sn, Mg0.3Ca, and
Mg5Zn.
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Fig. 5b. Corrosion rate PH during immersion testing at the open circuit potential
(OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C for
as-cast HP Mg, and solution heat-treated Mg–X alloys: Mg6Al, Mg0.1Zr, Mg0.3Si,
and Mg0.1Sr.
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the end.
Fig. 9(a) presents the EIS Nyquist plots for solution heat-treated
Mg1Mn. The Nyquist plots were all similar in shape and corre-
sponded to type Fig. 6(a). The diameter of the capacitance arcs in-
creased throughout the immersion period. During the first 3 days,
the diameters increased at a relatively high rate, then increased
slowly for the remainder of the immersion test. The fitted data in
Table 6(c) show the same trend with Fig. 9(a).
Fig. 9(b) presents the EIS Nyquist plots for solution heat-treated
Mg5Sn. The Nyquist plots were all similar in shape and corre-
sponded to type Fig. 7(a). The diameter of the capacitance arcs
reached a maximum at one day and then decreased to a stable va-
lue for the remainder of the immersion test. The fitted data in
Table 6(d) show the same trend as Fig. 9(b).
Fig. 9(c) presents the EIS Nyquist plots for solution heat-treated
Mg0.3Ca. The Nyquist plots were all similar in shape and corre-
sponded to type Fig. 7(a). The diameters of the capacitance arcs-43reached a comparative large value in 5 min and varied in a small
range until the 4th day, then reduced in 5th day and stayed rela-
tively constant until the end of the test. The fitted data in
Table 6(e) show the same trend with Fig. 9(c).
Fig. 9(d) presents the EIS Nyquist plots for solution heat treated
Mg6Al. The Nyqusist plots were all similar in shape and corre-
sponded to type Fig. 7(a). The diameters of the capacitance reached
a maximum value after 5 min after the specimen was immersed in
the solution. Thereafter the diameters decreased for the whole
time of the immersion test.
Figs. 10a–10d presents the cathodic polarisation curves mea-
sured after 7 days immersion in 3.5% NaCl solution saturated with
Mg(OH)2 for as-cast and solution heat-treated Mg–X alloys. In
many cases the cathodic polarisation curves were curved. This is
common for Mg [122,161–165]. Table 7a presents the data for
the as-cast Mg–X alloys, and Table 7b presents the data for solution
heat-treated Mg–X alloys of the curve fitting using Tafel fitting and
LEV fitting. Table 7 includes the data from fitting the EIS data ob--
Fig. 6. EIS data fitting model of the first type: (a) Nyquist plot for solution heat-
treated Mg1Mn during the first day during immersion testing at the open circuit
potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 at 25 ± 2 C. HF = high
frequency range; LF = low frequency range; CP = capacitive loop; (b) equivalent
circuit; (c) physical model.
(a)
(b)
(c)
Fig. 7. EIS data fitting of the second type: (a) Nyquist plot for solution heat-treated
Mg0.3Ca during the 6th day during immersion testing at the open circuit potential
(OCP) in 3.5% NaCl solution saturated with Mg(OH)2 at 25 ± 2 C. HF = high
frequency range; MF = middle frequency range; LF = low frequency range; CP = ca-
pacitive loop; IP = inductive loop; (b) equivalent circuit model. RE = reference
electrode; (c) physical model. WE = working electrode.
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curves.
All the evaluated corrosion rates are plotted in Figs. 11a and
11b, and the corrosion rate data are included in Tables 5a and 5c
for comparison with the data from hydrogen evolution.
Tables 7a and 7b also present the values obtained from the EIS
data at the end of the seven day test for as-cast and solution heat-
treated Mg–X alloys respectively, in order to allow for direct com-
parison with the data evaluated from the polarisation curves. The
polarisation resistance, RP, was obtained from the resistance at
the lowest frequency of the EIS plots (excluding the solution resis-
tance Rs). The corresponding corrosion current density, icorr/EIS, was
calculated using Eq. (12); and the corresponding corrosion rate,
Pi,EIS, was obtained using Eq. (13).
Figs. 12a–12d presents the corrosion rate evaluated from EIS,
Pi,EIS, for each specimen during the immersion test, plotted to allow
a direct comparison with the corrosion rate determined from the
hydrogen evolution data, PH (which were presented in Fig. 3 and
5). Figs. 12a–12d indicates that in each case, the corrosion rate
evaluated from EIS, Pi,EIS, was somewhat lower than the corre-
sponding corrosion rate from hydrogen evolution, PH. Furthermore,
except for one of the two solution heat-treated Mg0.3Si specimens,
the PH and Pi,EIS were consistent and showed the same trends with
the immersion time. For that one exceptional Mg0.3Si specimen,
Pi,EIS decreased significantly with immersion time, whereas the PH
decreased only slightly with immersion time.
Fig. 13a presents the corrosion rates PAH and PH plotted against
the corrosion rate PW for the as-cast Mg–X alloys in the immersion
tests, in which the straight line is for equal corrosion rates on the
Y-axis and the X-axis. The line drawn on the figure is an aide to-44-the eye; it is not a fit to the data. There was good agreement be-
tween rates PAH and PW for the Mg–X alloys, which had corrosion
rates greater than 4 mm y1. For lower corrosion rates, PAH was
somewhat less than PW, consistent with some hydrogen having dis-
solved in these alloys, rather than all hydrogen being evolved as
gaseous hydrogen. PH was equal to or somewhat higher than PAH.
The higher values indicated that the corrosion rate had increased
with immersion time.
Fig. 13b presents plots of the corrosion rates PH, Pi and Pi,EIS
plotted against the corrosion rate PW for the as-cast Mg–X alloys
in the immersion tests. The straight line indicates equal corrosion
rates on the Y-axis and the X-axis. The line drawn on the figure is
an aide to the eye, it is not a fit to the data. In all cases Pi was less
than or equal to PH, and in all cases Pi,EIS was less than or equal to
PH.
Fig. 13c presents the corrosion rates PAH and PH plotted against
the corrosion rate PW for the solution heat-treated Mg–X alloys in
the immersion tests. The line drawn on the figure is an aide to the
eye; it is not a fit to the data. Similar to Fig. 13a, there was good
Table 6
Parameters from fitting the EIS data for immersion at the open circuit potential (OCP) at 25 ± 2 C in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days for as-cast Mg–X alloys
(a) Mg1Mn, (b) Mg0.1Zr, and solution heat-treated Mg–X alloys (c) Mg1Mn, (d) Mg5Sn, (e) Mg0.3Ca and (f) Mg6Al.
Time Rs
(O cm2)
Rf
(O cm2)
C1,T
(106 F cm2)
C1,P Rt
(O cm2)
C2,T
(106 F cm2)
C2,P L
(H cm2)
RP
(O cm2)
icorr
(lA cm2)
Pi,EIS
(mm y1)
2Pi,EIS/
PW
(a) Mg1Mn
5 min 21 972 8 0.95 453.4 1817 0.57 4805 1356 11 0.26 0.8
6 h 27 2146 12 1 2143 66 0.83 16,611 2688 6 0.13 0.4
1 d 41 1477 13 0.96 74.85 15 0.57 402 937 16 0.37 1.2
2 d 19 588 13 1 810.6 50 0.77 5848 890 17 0.39 1.3
3 d 22 542 13 1 832.1 60 0.73 6458 761 20 0.46 1.5
4 d 18 538 13 1 854 65 0.71 6684 796 19 0.44 1.4
5 d 24 570 12 1 802.4 73 0.69 6284 834 18 0.42 1.4
6 d 25 635 12 1 811.9 100 0.64 5585 819 19 0.43 1.4
7d 27 921 15 1 939.7 239 0.57 8154 1275 12 0.27 0.9
(b) Mg0.1Zr
5 min 27 1085 12 0.92 477 1024 0.70 18,000 1375 28 0.64 0.1
6 h 79 78 22 1 169 35 0.95 1445 133 290 6.63 0.5
1 d 27 43 26 1 54 63 0.93 544 91 426 9.72 0.7
2 d 29 33 29 1 42 64 0.95 408 52 736 16.8 1.2
3 d 27 27 32 1 31 76 0.92 309 37 1029 23.5 1.7
4 d 20 24 33 1 27 51 0.91 267 34 1140 26.0 1.9
5 d 23 29 35 1 22 111 0.87 163 33 1185 27.1 2.0
6 d 24 23 35 1 20 118 0.86 187 30 1301 29.7 2.2
7 d 22 24 36 1 17 145 0.83 150 28 1382 31.6 2.3
Time Rs (O cm2 Rf (O cm2 C1,T (106 F cm2 C1,P Rt (O cm2) C2,T (106 F cm2) C2,P RP (O cm2) icorr (lA cm2) Pi,EIS (mm y1) 2Pi,EIS/PW
(c) Mg1Mn
5 min 23 888 7 0.99 819 955 0.46 1473 19 0.43 1.4
6 h 32 1201 9 0.96 886 1057 0.58 1911 15 0.33 1.1
1 d 25 1590 9 0.95 1292 697 0.62 2657 11 0.24 0.8
2 d 28 3168 8 0.95 4233 419 0.67 6785 4 0.09 0.3
3 d 40 3979 8 0.93 4314 393 0.81 7818 4 0.08 0.3
4 d 24 4459 8 0.94 5263 347 0.78 9002 3 0.07 0.2
5 d 42 4635 7 0.94 6114 331 0.77 9972 3 0.06 0.2
6 d 28 4974 7 0.94 6873 294 0.76 11,046 3 0.06 0.2
7 d 32 5021 6 0.94 6802 326 0.78 10,998 3 0.06 0.2
Time Rs
(O cm2)
Rf
(O cm2)
C1,T
(106 F cm2)
C1,P Rt
(O cm2)
C2,T
(106 F cm2)
C2,P L
(H cm2)
RP
(O cm2)
icorr
(lA cm2)
Pi,EIS
(mm y1)
2Pi,EIS/
PW
(d) Mg5Sn
5 min 22 2 107 0.58 321 20 0.81 279600 332 78 1.79 1.1
1 d 25 625 84 0.81 293 150 1 374 562 46 1.06 0.6
2 d 30 316 133 0.78 398 77 1 1776 441 59 1.35 0.8
3 d 23 480 69 0.82 356 108 1 1131 497 52 1.20 0.7
4 d 45 503 60 0.83 447 95 1 2086 537 48 1.11 0.7
5 d 24 473 64 0.82 398 87 1 1680 549 47 1.08 0.6
6 d 26 508 64 0.81 384 102 1 1364 581 45 1.02 0.6
7 d 23 512 667 0.80 371 101 0.99 1063 555 47 1.07 0.6
(e) Mg0.3Ca
5 min 16 320 9 0.96 553 1418 0.51 13,766 638 52 1.18 0.5
1 d 19 152 29 1 178 129 0.78 1594 230 144 3.28 1.3
2 d 41 185 33 1 203 116 0.78 2218 283 117 2.66 1.1
3 d 21 224 37 1 174 239 0.68 1588 287 115 2.63 1.0
4 d 24 260 51 0.95 179 606 0.59 1568 309 107 2.44 1.0
5 d 26 255 63 0.86 90 2029 0.48 445 276 120 2.73 1.1
6 d 27 265 69 0.83 95 3811 0.44 298 274 120 2.75 1.1
7 d 29 185 68 0.86 73 2460 0.43 412 198 167 3.81 1.5
(f) Mg6Al
5 min 30 1274 12 0.89 323 44 1.31 831 1329 35 0.79 0.1
6 h 53 910 9 0.91 349 80 1.07 329 899 51 1.17 0.2
1 d 25 721 10 0.91 290 122 0.98 245 664 69 1.58 0.3
2 d 25 311 10 0.95 128 1664 0.45 70 290 159 3.62 0.6
3 d 22 188 15 0.93 93 2622 0.39 90 183 251 5.74 0.9
4 d 18 170 17 0.93 86 3514 0.35 65 165 279 6.37 1.0
5 d 33 141 24 0.91 73 5214 0.28 51 128 359 8.21 1.3
6 d 21 112 31 0.88 60 9575 0.26 26 108 426 9.73 1.6
7 d 28 81 36 0.90 38 8913 0.36 23 81 568 13.0 2.1
74 F. Cao et al. / Corrosion Science 76 (2013) 60–97agreement between rates PAH and PW for the alloys, which had cor-
rosion rates greater than 2 mm y1, except one of the Mg–Zn alloys
had an anomalously high value of PAH. For lower corrosion rates,
PAH was somewhat less than PW, consistent with some hydrogen
having dissolved in these alloys rather than being evolved as gas-
eous hydrogen. PH was equal to or somewhat higher than PAH.-45The higher values indicated that the corrosion rate had increased
with immersion time. There were however, some alloys for which
PH was less than PAH, indicating that the corrosion rate had de-
creased with immersion time.
Fig. 13d presents the corrosion rates PH, Pi and Pi,EIS plotted
against the corrosion rate PW for the solution heat-treated Mg–X-
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Fig. 8. EIS curves during immersion testing at the open circuit potential (OCP) in
3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C for as-cast Mg–X
alloys: (a) Mg1Mn, (b) Mg0.1Zr.
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Fig. 9. EIS curves during immersion testing at the open circuit potential (OCP) in
3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C for solution heat-
treated Mg–X alloys: (a) Mg1Mn, (b) Mg5Sn, (c) Mg0.3Ca, and (d) Mg6Al.
F. Cao et al. / Corrosion Science 76 (2013) 60–97 75alloys in the immersion tests. The line drawn on the figure is an
aide to the eye; it is not a fit to the data. In all cases Pi was less than
or equal to PH, and in all cases Pi,EIS was less than or equal to PH.
3.5. Salt spray
Table 8 presents the data from the salt spray test, and is ar-
ranged to facilitate comparison of the data for the as-cast and
the solution heat-treated Mg–X alloys. Table 8 also includes the
data for the other independent measures of the corrosion rate.
The salt spray data is also included in Table 5. Fig. 14 presents
the corrosion rate from the salt spray test, PW, salt_spray plotted
against the corrosion rate measured from the immersion test, PW.
The line drawn on the figure is an aide to the eye; it is not a fit
to the data. For HP Mg and the as-cast Mg–X alloys Mg0.3Ca,
Mg6Al, Mg0.1Sr, Mg5Sn and Mg5Zn, PW,salt_spray was similar to PW.
However, for the other as-cast Mg–X alloys PW,salt_spray did not
match well with PW. The corrosion rates could be approximately
characterised by the increasing following sequence: HP Mg,
Mg1Mn, Mg0.3Ca, Mg0.3Si, Mg5Sn, Mg6Al, Mg0.1Sr, Mg5Zn, and
Mg0.1Zr. This sequence was somewhat different from the order
of PW from the immersion test. For the solution heat-treated alloys
Mg0.3Ca, Mg1Mn, Mg5Sn and Mg5Zn, PW, salt_spray matched well
with PW. However, there was a significant difference between-46-PW,salt_spray and PW for Mg0.1Sr, Mg6Al, Mg0.3Si and Mg0.1Zr. The
corrosion rates could be approximately characterised by the fol-
lowing increasing sequence: Mg1Mn, HP Mg, Mg5Sn, Mg0.1Zr,
Mg0.3Ca, Mg5Zn, Mg0.3Si, Mg6Al, Mg0.1Sr.
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Fig. 10a. Cathodic polarisation measured during the seventh day during immersion
testing at the open circuit potential (OCP) in 3.5% NaCl solution saturated with
Mg(OH)2 for 7 days at 25 ± 2 C for as-cast HP Mg and as-cast Mg–X alloys:
Mg0.3Ca, Mg1Mn, Mg0.1Sr, and Mg6Al.
HPMg Mg5Sn
Mg0.3Si
Mg5Zn
Mg0.1Zr
HPMg
Mg0.3Si
Mg5Sn
Mg5Zn
Mg0.1Zr
10-5 10-4 10-3
-1.9
-1.8
-1.7
-1.6
-1.5
Current Density (A cm-2)
HPMg
Mg5Sn
Mg0.3Si
Mg5Zn
Mg0.1Zr
Fig. 10b. Cathodic polarisation measured during the seventh day during immersion
testing at the open circuit potential (OCP) in 3.5% NaCl solution saturated with
Mg(OH)2 for 7 days at 25 ± 2 C for as-cast HP Mg and as-cast Mg–X alloys: Mg5Sn,
Mg0.3Si, Mg5Zn, and Mg0.1Zr.
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Fig. 10c. Cathodic polarisation measured during the seventh day during immersion
testing at the open circuit potential (OCP) in 3.5% NaCl solution saturated with
Mg(OH)2 for 7 days at 25 ± 2 C for as-cast HP-Mg and solution heat-treated Mg–X
alloys: Mg1Mn, Mg5Sn, Mg0.3Ca, and Mg5Zn.
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Fig. 10d. Cathodic polarisation measured during the seventh day during immersion
testing at the open circuit potential (OCP) in 3.5% NaCl solution saturated with
Mg(OH)2 for 7 days at 25 ± 2 C for as cast HP Mg, and solution heat-treated Mg–X
alloys: Mg6Al, Mg0.1Zr, Mg0.3Si, and Mg0.1Sr.
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-473.6. Solution heat-treated alloys
Fig. 15 presents the corrosion rates evaluated from weight loss
from the immersion tests and from salt spray test for solution heat-
treated Mg–X alloys compared with the corresponding corrosion
rates for the as-cast Mg–X alloys. The line drawn on the figure is
an aide to the eye; it is not a fit to the data. Fig. 15 indicates that
the corrosion rates for solution heat-treated Mg0.3Ca, Mg0.3Si,
Mg6Al and Mg0.1Sr were larger than that of these alloys in the
as-cast condition. In contrast, the corrosion rates for solution
heat-treated Mg1Mn, Mg5Sn, Mg5Zn and Mg0.1Zr, were smaller
than for these alloys in the as-cast condition.3.7. Corroded surfaces of Mg alloys after immersion and salt spray test
Figs. 16–41 present optical and SEM images of the corroded
specimen surfaces after immersion testing and after the salt spray
test: Figs. 16 and 17 for HP Mg; Figs. 18–20 for Mg1Mn; Figs. 21–
23 for Mg0.3Ca; Figs. 24–26 for Mg0.1Zr; Figs. 27–29 for Mg0.1Sr;
Figs. 30–32 for Mg6Al; Figs. 33–35 for Mg5Zn; Figs. 36–38 for
Mg5Sn, and Figs. 39–41 for Mg0.3Si. Figs. 16, 18, 21, 24, 27, 30,
33, 36 and 39 present the corroded surface for the as-cast Mg–X al-
loys after 7 day immersion test; Figs. 19, 22, 25, 28, 31, 34, 37 and
40 present the corroded surface for the solution heat-treated Mg–X
alloys after 7 day immersion test; Fig. 17 presents the corroded
surface for the as cast HPMg after 7 day salt spray test, and Figs. 20,
23, 26, 29, 32, 35, 38 and 41 present the corroded surface for the
solution heat-treated Mg–X alloys after 7 day salt spray test. In
each case there is typically an optical overview and SEM images
for typical shallow corroded areas and typical deeply corroded
areas. The scales of the figures are different to best present the
most important corroded surface features.
Figs. 16 and 17 indicate that as-cast HP Mg corroded essentially
uniformly during the immersion test and the salt spray test. The
corroded surface of HP Mg was covered by small cavities, whose
diameter was 50 lm, and there was some filiform corrosion.
Fig. 18 presents images of the surface of as-cast Mg1Mn after
the immersion test. As-cast Mg1Mn suffered some localised corro-
sion. Some parts of the specimen suffered light corrosion as shown
in Fig. 18(b) and there were small bright particles in the matrix. In
the centre of the specimen there were some big cavities, which
indicated that these parts suffered substantial corrosion, as illus-
trated in Fig. 18(c). It was estimated that an area 0.2 cm2 of the
-
Table 7a
Electrochemical data evaluated by Tafel extrapolation, LEV method and EIS fitting for as-cast Mg–X alloys immersed at the open circuit potential (OCP) at 25 ± 2 C in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days.
Mg alloy Tafel LEV EIS
Ecorr (V, Ag/AgCl/sat KCl) bc (mV decade1) icorr (lA cm2) Pi (mm y1) ba (mV decade1) bc (mV decade1) i (lA cm2) Pi (mm y1) RP (O cm2) icorr (lA cm2) Pi,EIS (mm y1)
HPMg01 1.631 190 13 0.30 339 190 13 0.30 4276 13 0.30
HPMg02 1.596 205 10 0.23 50 210 10 0.23 2729 6 0.14
Mg0.3Ca01 1.601 226 31 0.71 100 228 31 0.71 1459 21 0.48
Mg0.3Ca02 1.607 211 21 0.48 217 212 21 0.48 3005 16 0.37
Mg1Mn01 1.546 363 99 2.26 65 350 99 2.26 282 83 1.90
Mg1Mn02 1.547 203 22 0.50 42 202 22 0.50 1275 12 0.27
Mg0.1Sr01 1.579 325 179 4.09 66 322 179 4.09 177 134 3.06
Mg0.1Sr02 1.578 327 142 3.24 54 327 142 3.24 616 33 0.75
Mg6Al01 1.561 214 186 4.25 285 209 186 4.25 266 199 4.55
Mg6Al02 1.565 191 102 2.33 255 186 102 2.33 453 102 2.33
Mg5Sn01 1.519 314 154 3.52 96 302 154 3.52 201 158 3.61
Mg5Sn02 1.514 324 120 2.74 78 320 120 2.74 254 107 2.45
Mg0.3Si01 1.577 361 232 5.30 70 361 232 5.30 145 175 4.00
Mg0.3Si02 1.579 310 139 3.18 64 308 139 3.18 226 102 2.33
Mg5Zn01 1.486 331 303 6.92 132 329 303 6.92 59 695 15.9
Mg5Zn02 1.484 308 384 8.77 132 299 384 8.77 67 589 13.5
Mg0.1Zr01 1.585 327 877 20.0 123 316 876 20.0 28 1380 31.6
Mg0.1Zr02 1.591 310 262 5.99 78 308 262 5.99 110 245 5.61
Table 7b
Electrochemical data evaluated by traditional Tafel extrapolation, LEV method, linear polarisation (Rp) and EIS method (RP) for solution heat-treated Mg–X alloys immersed at the open circuit potential (OCP) at 25 ± 2 C in 3.5% NaCl
solution saturated with Mg(OH)2 for 7 days.
Specimen Tafel fitting LEV LP EIS
Ecorr (V, Ag/
AgCl/sat KCl)
bc
(mV decade1)
icorr
(lA cm2)
Pi
(mm y1)
ba
(mV decade1)
bc
(mV decade1)
icorr
(lA cm2)
Pi
(mm y1)
B
(mV decade1)
Rp
(X cm2)
icorr
(lA cm2)
Pi,Rp
(mm y1)
RP
(X cm2)
icorr
(lA cm2)
Pi,EIS
(mm y1)
HP-Mg03 – – – – – – – – – – – – – – –
HP-Mg04 1.583 183 12 0.27 150 180 12 0.27 36 3628 10 0.22 3278 11 0.25
Mg1Mn01 1.573 261 31 0.71 64 260 31 0.71 23 969 24 0.55 639 36 0.82
Mg1Mn02 1.605 140 4 0.09 110 140 4 0.09 28 9651 3 0.07 10,998 3 0.06
Mg5Sn01 1.513 291 61 1.39 76 286 61 1.39 26 386 68 1.55 555 47 1.07
Mg5Sn02 1.511 324 92 2.10 90 330 92 2.10 31 304 101 2.31 385 81 1.84
Mg0.3Ca01 1.593 245 202 4.62 109 244 202 4.62 33 169 195 4.46 198 167 3.81
Mg0.3Ca02 1.603 234 61 1.40 99 234 61 1.40 31 573 53 1.21 884 35 0.80
Mg5Zn01 1.498 206 106 2.42 40 206 106 2.42 15 1248 98 2.24 192 78 1.79
Mg5Zn02 1.498 205 129 2.95 40 206 129 2.95 15 138 105 2.40 214 70 1.60
Mg6Al01 1.562 229 301 6.88 190 241 301 6.88 46 86 538 12.3 81 568 13.0
Mg6Al02 1.568 185 883 20.2 162 197 883 20.2 39 20 1960 44.8 139 281 6.41
Mg0.1Zr01 1.597 312 532 12.2 120 320 525 12.6 38 72 529 12.1 73 521 11.9
Mg0.1Zr02 1.489 425 104 2.38 220 424 104 2.38 63 707 89 2.03 131 481 11.0
Mg0.3Si01 1.419 269 12 0.27 110 268 12 0.27 34 4779 7 0.16 4286 8 0.18
Mg0.3Si02 1.584 310 564 12.9 90 310 564 12.9 30 56 543 12.4 53 566 12.9
Mg0.1Sr01 1.485 249 28 0.65 36 280 95 2.18 14 169 82 1.87 55 255 5.82
Mg0.1Sr02 1.551 393 1130 25.8 180 378 1130 25.8 53 46 1110 25.4 20 2650 60.6
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Fig. 11a. Comparison of the corrosion rates evaluated from weight loss, hydrogen
evolution, and the corrosion current density from cathodic polarisation curves and
EIS, during immersion testing at the open circuit potential (OCP) in 3.5% NaCl
solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C for as-cast HP Mg and as-
cast Mg–X alloys: Mg0.3Ca,Mg1Mn, Mg0.1Sr, Mg6Al, Mg5Sn,Mg0.3Si, Mg5Zn, and
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Fig. 11b. Comparison of the corrosion rates evaluated from weight loss, hydrogen
evolution, and the corrosion current density from cathodic polarisation curves and
EIS, during immersion testing at the open circuit potential (OCP) in 3.5% NaCl
solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C for as-cast HP Mg and
solution heat-treated Mg–X alloys: Mg1Mn, Mg5Sn, Mg0.3Ca, Mg5Zn, Mg6Al,
Mg0.1Zr, Mg0.3Si, and Mg0.1Sr.
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depth of the deepest cavity was 2.0 mm.
Fig. 19 presents the images of the surface of solution heat-trea-
ted Mg1Mn, which corroded uniformly during the immersion test.
Fig. 19(b) shows a bright particle cluster in the centre of a corroded
area circle, marked with ‘‘C’’. The particle cluster was identified as a
Mg–Zr intermetallic. Fig. 19(b) and (c) present magnified views of a
random area of the Mg1Mn surface. There was some deeper corro-
sion, some bright particles (marked ‘‘P’’) and some grey particles,
marked ‘‘G’’. The composition of both particles, analysed by EDS,
is listed in Table 9. The bright particles were consistent with the
particles in the microstructure of solution heat-treated specimen
prior to immersion, and were identified as Mg–Mn oxysilicides.
The grey particles were identified as Ca oxycarbide or Ca oxysul-
phide. They had not found in the matrix of the solution treated
Mg1Mn specimen before the immersion test.
Fig. 20 presents the images of solution heat-treated Mg1Mn
after the salt spray test.
Fig. 21 presents the images of the surface of as-cast Mg0.3Ca
after the immersion test. The specimen had corroded homogenous-
ly. Some bright particles were found in the matrix in Fig. 21(b). The
EDS analyses indicated that they contained substantial Zr and Fe.
The matrix around the particles was less corroded than other parts
of the surface.
Fig. 22 presents images of the surface of solution heat-treated
Mg0.3Ca after the immersion test. The less corroded area had
shallow cavities, and it was estimated that an area 0.8 cm2 of
the whole 6.09 cm2 original area suffered substantial localised
corrosion. The depth of the deepest cavity reached 0.8 mm.
Some small bright particles were in the matrix. Their composition
is listed in Table 9, and was consistent with the some of the par-
ticles in the microstructure of the solution heat-treated specimen
before the immersion test. These were identified as a Mg–Zr
oxycarbide.
Fig. 23 presents the images of solution heat-treated Mg0.3Ca
after the salt spray test.
Fig. 24 presents the images of the surface of as-cast Mg0.1Zr
after the immersion test. The surface was substantially corroded,
which was consistent with the fact that Mg0.1Zr had the highest
corrosion rate among all the as-cast Mg–X alloys. It was estimated
that an area 4.2 cm2 of the whole 4.91 cm2 original area suffered
the substantial localised corrosion. The depth of the deepest cavity
reached 1.6 mm. There were some small bright particles and
clusters in Fig. 24(b), which were identified as AgCl and Mg–Zr
oxycarbide. The AgCl particles precipitated during the removal of
the corrosion products.
Fig. 25 shows the corroded surface of solution heat-treated
Mg0.1Zr after the immersion test. Some areas of the specimen
did not corrode. However, some area suffered substantial localised
corrosion, and the depth of the deepest cavity reached 2.3 mm.
An area 1.1 cm2 of the whole 3.18 cm2 original area suffered
the substantial deep corrosion. There were some bright particles
(marked ‘‘P’’) and some corrosion somewhat like filiform corrosion.
Most particles contained a substantial amount of Zr and were iden-
tified as Mg–Zr intermetallic or Mg–Zr oxycarbides. There was a
small amount of particles, which did not contain Zr, and this type
of particles was identified as Mg oxycarbide. However, all the par-
ticles did not contain Si, which was quite different from particles in
the microstructure of as-cast Mg0.1Zr specimen before solution
heat-treatment.
Fig. 26 presents the images of solution heat-treated Mg0.1Zr
after the salt spray test. There were some cavities. It was estimated
that an area 0.1 cm2 of the whole 5.83 cm2 suffered this localised
corrosion. The depth of the deepest cavity was 0.5 mm. Different
grains had different directions of corrosion appearance, which
were separated by the grain boundary as shown in Fig. 26(b).-49Fig. 27 presents the images of the surface of as-cast Mg0.1Sr
after the immersion test. Most of the specimen suffered light cor-
rosion as illustrated in Fig. 27(b), containing some small cavities.
In contrast, some parts of the specimen suffered substantial corro-
sion, which after corrosion appeared to have a lamellar structure.
An area 0.9 cm2 of the whole 4.15 cm2 original area suffered
the substantial corrosion. The depth of the deepest cavity was
1.9 mm.
Fig. 28 presents the images of the corroded surface of solution
heat-treated Mg0.1Sr after the immersion test, which had the high-
est corrosion rate of all the alloys. The entire original surface was
substantially corroded during the test. The depth was 2.4 mm.
The topography of the corroded surface was hilly and porous.-
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after the salt spray test. An area 5.2 cm2 of the whole 6.10 cm2
original surface suffered substantial corrosion. The depth of the
corroded area reached 1.3 mm. The centre part of the specimen
corroded much more substantially than the edge as shown in
Fig. 29(a). Some particles in the magnified images of Figs. 29(b)
and (c) were AgCl.
Fig. 30 presents the images of the surfaces of as-cast Mg6Al
after the immersion test. An area 0.5 cm2 of the whole 5.11 cm2
original area suffered substantial corrosion. The depth of the deep-
est cavity was 0.3 mm. In the less corroded area, there were
bright particles. There were two types of bright particles: one kind
contained substantial Zr and the other contained considerable Al.
There were many particles, which contained a little higher concen-
tration of Al than that in matrix on the surface of serious corroded
area.
Fig. 31 presents the surface appearance of solution heat-treated
Mg6Al after the immersion test. An area 1.7 cm2 of the whole0 1 2 3 4 5 6 7 8 9
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Fig. 12a. Comparison of corrosion rates, PH and Pi,EIS, during immersion testing at
the open circuit potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for
7 days at 25 ± 2 C for as-cast HP Mg and as-cast Mg–X alloys: Mg0.3Ca, Mg1Mn,
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Fig. 12b. Comparison of corrosion rates, PH and Pi,EIS, during immersion testing at
the open circuit potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for
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-50-4.07 cm2 original area suffered substantial corrosion. The substan-
tially corroded area appeared like a river in the matrix. The depth
of the deepest part was 1.0 mm. There were bright particles
(marked ‘‘P’’), bright clusters (marked ‘‘C’’) and small holes in the
matrix. Around the clusters, the area was also corroded like a pond.
The bright particles corresponded to particles in the microstruc-
ture of the solution heat-treated specimen before the immersion
test. The bright particles were identified as Mg–Al oxide–silicide–
carbide or Al oxide––silicide–carbide. The clusters were identified
as Mg–Al–Zr oxysilicide or Al–Zr oxysilicides.
Fig. 32 presents the images of solution heat-treated Mg6Al after
the salt spray test. The topography was similar with the solution
heat-treated Mg6Al specimen after the immersion test. An area
0.7 cm2 of the whole 5.12 cm2 original surface suffered substan-
tial corrosion. The depth of the corroded area reached 0.6 mm.
Some bright particles were found in the matrix.
Fig. 33 presents the images of the surface of as-cast Mg5Zn after
the immersion test. There were deep cavities. The areas of these0 1 2 3 4 5 6 7 8 9
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Fig. 12c. Comparison of corrosion rates, PH and Pi,EIS, during immersion testing at
the open circuit potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for
7 days at 25 ± 2 C for as-cast HP Mg and solution heat-treated Mg–X alloys:
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original surface. The depth of the deepest cavity was 1.5 mm. In
the less corroded area, there were some small cavities and second
phases distributed in the matrix. In the substantially corroded area,
the matrix was heavily corroded and the second phases were left
proud on the surface.
Fig. 34 shows that the surface of solution heat-treated Mg5Zn
after the immersion test had corrosion throughout most of the sur-
face, especially at one edge of the specimen. An area 0.5 cm2 of
the whole 2.56 cm2 original surface suffered substantial localised
corrosion. The depth of the deepest part was 1.4 mm. Table 9 pre-
sents the chemical composition of the bright particles (marked ‘‘P’’)
and grey particles (marked ‘‘G’’) in the matrix. The bright particles
corresponded to particles in the microstructure of the solution
treated specimen before immersion, whereas the grey particles
did not, which were the same with the grey particles of solution
treated Mg1Mn.1 10
1
10
Al
Al
Sr
Sr
Sn Si
Si
Si
Zn
ZnZn
Zr
Zr
Zr
Mn
Mn
Ca
Ca
Ca
HP
HP
HP
PAH
PH
P A
H
,P
H
 (m
m
 y
-1
)
PW  (mm y
-1)
HP
Ca
Mn
Zr
Zn
Si
Sn
Sr
Al
Fig. 13a. Comparison of the corrosion rates evaluated from weight loss and
hydrogen evolution rate during immersion testing at the open circuit potential
(OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C for as-
cast HP Mg and as-cast Mg–X alloys: Mg0.3Ca, Mg1Mn, Mg0.1Sr, Mg6Al, Mg5Sn,
Mg0.3Si, Mg5Zn and Mg0.1Zr.
1 10
0.1
1
10
Si
Zn
Zn
Zn
Zn
Zn
Zr
Zr
Zr
Zr
Zr
Si
Si
Si
Si
Si
Sr
Sn
Zr
SnSn
Al
Sr
Sr
Mn
Mn
Al
Al
Mn
Mn
Mn
Ca
CaCa
HP
HP
HP
HP
PH
Pi
Pi,EIS
P H
, P
i, P
i,E
IS
(m
m
 y
-1
)
PW (mm y
-1)
HP
Ca
Mn
Al
Sr
Sn Sr
Zn
Fig. 13b. Comparison of the corrosion rates evaluated from weight loss, hydrogen
evolution rate and the corrosion current density measured by cathodic polarisation
curves and EIS during immersion testing at the open circuit potential (OCP) in 3.5%
NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C for as-cast HP Mg and
as-cast Mg–X alloys: Mg0.3Ca, Mg1Mn, Mg0.1Sr, Mg6Al, Mg5Sn, Mg0.3Si, Mg5Zn
and Mg0.1Zr.
-51Fig. 35 presents the images of solution heat-treated Mg5Zn after
the salt spray test.
Fig. 36 presents the appearance of corroded as-cast Mg5Sn after
the immersion test. The cylinder surface of the specimen suffered
light corrosion. In contrast, the base surfaces suffered substantial
corrosion. An area 0.7 cm2 of the whole 4.52 cm2 original surface
suffered substantial localised corrosion. The depth of the deepest
cavity was 1.7 mm. The matrix around the second phases was
substantially corroded and the second phases were left proud,
same as with the as cast Mg5Zn.
Fig. 37 presents the images of the surface of solution heat-trea-
ted Mg5Sn after the immersion test. There was a heavily corroded
area in the centre of the specimen. Only this area and a small area
at the edge suffered substantial localised corrosion, which was
estimated to have an area 0.1 cm2 of the whole 6.00 cm2 area
and the depth of the deepest area was about 2.0 mm. The magni-
fied image of the less corroded area shows that there were bright
particles in the matrix. There was also a particle cluster in the
heavily corroded area. The chemical compositions in Table 9 show0.1 1 10 100
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-52-that the bright particles (marked ‘‘P’’) were different in composi-
tion to the particle cluster (marked ‘‘C’’). The bright particles were
consistent with particles found in the microstructure of the as-cast
specimen Mg5Sn and were identified as Mg–Sn oxysilicide. The
particle cluster was identified as a Mg–Zr intermetallic.
Fig. 38 shows the images of solution heat-treated Mg5Sn after
the salt spray test. There were many cavities. It was estimated that
0.3 cm2 of the whole 6.36 cm2 original surface suffered substan-
tial corrosion. The depth of the deepest cavity was 0.7 mm.
Fig. 39 presents the images of as-cast Mg0.3Si after immersion
test. An area 0.9 cm2 of the whole 4.15 cm2 original surface suf-
fered serious localised corrosion. The depth of the deepest cavity
was 1.9 mm. In the less corroded area, there were some bright
particles containing substantial Zr as shown in Fig. 39(b). The
structure of the serious corroded area was like lamellar structure
similar to as cast Mg0.9Mn and as cast Mg0.1Sr.
Fig. 40 presents images of solution heat-treated Mg0.3Si after
the immersion test, which had a high corrosion rate. There were
deep cavities, same as Mg0.1Sr. An area 2.7 cm2 of the whole
3.46 cm2 original surface suffered substantial localised corrosion.
The depth of the deepest cavity was 1.1 mm. The topography of
the corroded surface was up and down as hills. There were some
grey particles, which were the same as the ones as in solution
heat-treated Mg0.9Mn and solution treated Mg5Zn.
Fig. 41 shows the images of solution heat-treated Mg0.3Si after
the salt spray test. An area 0.8 cm2 of the whole 7.65 cm2 original
surface suffered substantial corrosion. The depth of the deepest
cavity was 0.5 mm. There were some cavities in the less corroded
area as shown in Fig. 41(b). The structure of the substantially cor-
roded area was like the lamellar structure similar in appearance to
the as cast Mg0.3Si after immersion test.
4. Discussion
4.1. Corrosion of as-cast Mg–X alloys
The corrosion rate of each of the as-cast Mg–X alloys was great-
er than that of HP Mg in the immersion tests, Fig. 13(a) and in the
salt spray test, Fig. 14 (except for Mg1Mn). The SEM images of the
specimens after the immersion test showed that HP Mg and
Mg0.3Ca suffered essentially homogeneous corrosion, and that
the other Mg–X alloys suffered substantial localised corrosion.
For Mg0.3Ca, the small amount of Ca did not cause the formation
of any intermetallic compound. However, there were some parti-
cles containing substantial amounts of Zr, which could have cre-
ated a galvanic couple and accelerated the corrosion rate. As the
number of particles was low, so the corrosion rate was of Mg0.3Ca
was low. In contrast, Mg0.1Zr had a high corrosion rate, which
could probably be attributed to the particles in the microstructure
evident after the immersion test, or the concentration of 13 ppm
Fe. The as-cast Mg–X alloys containing substantial alloying ele-
ments (Mg6Al, Mg5Zn and Mg5Sn) contained second phases. The
surrounding matrix was seriously corroded, which was attributed
to the galvanic effect between second phase and the matrix. For
the as-cast Mg–X alloys containing a low amount of alloying ele-
ment, (namely Mg1Mn, Mg0.1Sr and Mg0.3Si) the topography of
the deep corroded area were similar to a lamellar structure, consis-
tent with the corroded surface structure found by Qiao et al. [106],
in which case the lamellar type of corrosion was attributed to mi-
cro-galvanic corrosion caused by the formation of Fe rich particles
during solidification.
4.2. Comparison of corrosion measurements
Tables 5 presents a summary of the corrosion rates obtained
from different methods. PW and PAH were the average corrosion
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were the instantaneous corrosion rate at the end of the 7 day
immersion test. Figs. 11 and 13 provide a direct comparison of
the data. Fig. 11 shows that there was generally agreement, with
some obvious exceptions. All the measures of corrosion, PAH, PW,
PH, Pi and Pi,EIS are average values over the whole specimen area,
so it is valid to compare these values, even if the corrosion con-
tained a significant amount of heterogeneous corrosion, as was in
fact the case as shown by Figs. 16–41.
Figs. 13a and 13c showed that PAH was in good agreement with
PW, provided that the corrosion rate was substantial, (i.e. was above
2 mmy1). Forone solutionheat-treatedMg5Znspecimen,PAHwasa
bit higher than the PW. For the other specimens, PAH was close to or
lower thanPW. The good agreement between these two independent
measurements of corrosion rate, PAH and PW, gives confidence that
each was a good measure of the corrosion rate. The cases were PAH
was less than PW, (i.e. for corrosion rates less than 2 mm y1), are
attributed to somehydrogendissolving the in theMgalloy specimen
and not being evolved as gaseous hydrogen.
PH was typically larger than PAH, consistent with the accelera-
tion of the corrosion to steady state. Thus the final corrosion rate,
PH was larger than the average corrosion rate, although there were
some cases were the steady state corrosion was somewhat less
than the average corrosion rate. Figs. 13b and 13d showed that
PH was always close to or larger than Pi and Pi,EIS, which is consis-
tent with Mg corrosion being only partly electrochemical at the Mg
surface.
The errors of the corrosion rates PAH and PW of the as-cast Mg
alloy specimens were calculated using Eqs. (11) and (17), and are
presented in Table 5a. As in Cao et al. [107], (i) eV was 0.1 mL,
the accuracy of the burette, (ii) eA, the error of the specimen dimen-
sions was 0.05 mm for each length; etL was 10 min, (iv) eWb was
0.0001 g, the accuracy of the electronic balance, (v) eWa was as-
sessed experimentally to be 0.0003 g in Appendix A, due to the
slight differences in adsorbed water for the specimens before and
after immersion testing due to the fact that the specimen was
stored 1 day before weighing before immersion testing, whereas
the specimen was weighed after the immersion tests after washing
and drying with warm and cold air. Both ePW and ePAH were small
compared to PW and PAH.
Table 5a indicates that PW  ePW > PAH + ePAH for all as cast Mg–X
alloys, except for specimen Mg1Mn01. This indicates that the dif-
ference between PW and PAH was larger than the maximum possi-
ble error of measurement. The difference between PW and PAH was
attributed to some hydrogen dissolving into the Mg matrix during
the immersion test. The mass of dissolved hydrogen,mH2, was eval-
uated and is listed in Table 5b. A corrected corrosion rate, PW’, was
calculated and is included in Table 5b, based on this mass of hydro-
gen increasing the weight of the specimen after the immersion
tests. Comparison of PW and PW’ indicates that the mass of dis-
solved hydrogen does not make a significant change to the corro-
sion rate measured from weight loss. Cao et al. [107] measured
similar trends for ultra-pure Mg. Based on their approach, PW00
was calculated assuming that all mH2 formed MgH2, which chemi-
cally reacted with water. PW00 was similar to PAH. Thus a small
amount of hydrogen can cause a significant amount of corrosion,
if it forms MgH2.
Table 5c indicates that PW > PAH for solution heat-treated Mg–X
alloys for those alloys which had corrosion rates lower than 3 mm
y1, consistent with some hydrogen dissolving in these Mg–X al-
loys. In contrast, for solution heat-treated Mg–X alloys with a
higher corrosion rate, PW and PAH were within experimental error,
indicating that there was little hydrogen dissolved in these alloys
during the immersion test. This indicates that the quantity of
hydrogen dissolved in the Mg–X alloys depended on the metallur-
gical condition and microstructure.-534.3. Apparent valence
Tables 5a and 5c present the apparent valence of all the Mg–X
alloys, calculated as Ve,H and Ve,W. Ve,H was typically larger than
Ve,W except for alloys, for which PH increased during the test, and
PH was much larger than PW. For the as-cast Mg–X alloys, the aver-
age values were Ve,H = 1.4 ± 0.4 and Ve,M = 1.2 ± 0.3, consistent with
the existence of uni-positive Mg+ ion, and that Mg corrosion is only
partly under electrochemical control at the Mg surface. For the
solution heat-treated Mg–X alloys, the apparent valence ranged
from a high of 1.7 to a low of 0.1. The lowest values were below
Ve,W = 1, and were too low for the only factor to be the corrosion
by the uni-positive Mg+ ion. There must be some other factor or
factors.
These low values provide support for the new hydride mecha-
nism for Mg dissolution as suggested by Fuyong et al. [107] and
as summarised in Section 1.7 above.
Alternatively, the lowest values of apparent valence in Table 5c
were for specimens with substantial corrosion rates, and heteroge-
neous corrosion. It is conceivable that the evolving hydrogen at the-
F. Cao et al. / Corrosion Science 76 (2013) 60–97 83specimen surface, particularly at pits, could insulate the surface so
that the electrochemical measurement underestimates the actual
corrosion rate.
4.4. Salt spray
The salt spray test is an independent method to evaluate the
corrosion behaviour of the Mg–X alloys. Fig. 14 plots the corrosion
rate measured using weight loss in the salt spray test, PW,salt spray,
against the corrosion rate measured using weight loss in the
immersion test, PW. There was much scatter in the corrosion rates.
However, there was a general trend in that alloys that had high val-
ues of corrosion in the immersion test also had high corrosion val-Fig. 16. Surface appearance after immersion testing at the open circuit potential
(OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C and after
removal of corrosion products for as-cast HP Mg (a) optical image (OP); (b)
secondary electron image (SE).
(a) (b)
Fig. 17. Surface appearance after the salt spray test and after removal of corrosion
products for as-cast HP Mg (a) OP; (b) SE.
-54-ues in the salt spray test; and the corrosion rates for both tests
were in the same range from 0.5 to 150 mm y1. Furthermore there
were similarities in some cases in the corroded morphologies after
immersion testing and salt spray testing, as was evident by a com-
parison of (i) Figs. 28 and 29 for Mg0.1Sr, and (ii) Figs. 34 and 35 for
Mg5Zn. Nevertheless, there were also significant differences.
For as-cast Mg1Mn, Mg0.3Si and solution heat-treated Mg0.1Zr,
Mg0.1Sr, Mg0.3Si, PW, slat spray was smaller than PW from immersion
test, which might be attributed to the following reasons: (i) the fog
of the salt spray test was not as aggressive as the solution of
immersion test; (ii) the corrosion product of the salt spray speci-
mens always covered the surface and was not removed until the
end of the test, whereas for immersion test some corrosion prod-
uct fell away from the specimen during the test. The corrosion
product provided some protection for the specimens; (iii) the gal-
vanic effect of the second phases in the salt spray test was not as
effective as in the immersion test as the fog did not provide a good
circuit.
For as-cast Mg0.1Zr and solution heat-treated Mg6Al, PW,slat spray
was larger than PW from immersion test. It may be that the surface
film on these two alloys formed during the salt spray test was not
as protective as the film formed during the immersion test.
This indicates that although salt spray testing may be of com-
parative severity, there were clear differences in behaviour for
the alloys tested. This means that salt spray testing and immersion
testing provide different alloy rankings. Furthermore, it is worth
remembering that Mg alloys in atmospheric corrosion can provide
lower corrosion rates than steels [5,27,166]. This indicates that
some effort could be usefully spent in examining other testing re-
gimes, like interrupted salt spray testing [112] and alternate
immersion [151].
4.5. EIS
The EIS data with two capacitive loops as illustrated in Fig. 6(a)
was attributed to uniform corrosion, the physical model of
Fig. 6(c), and the equivalent circuit as shown in Fig. 6(b). The other
type of EIS data with two capacitive loops and an inductive loop as
illustrated in Fig. 7(a) was attributed to localised corrosion or mi-
cro-galvanic corrosion, the physical model of Fig. 7(c) and the
equivalent circuit model as shown in Fig. 7(c). Figs. 8 and 9 show
the EIS plots, and Table 6 provides the fitting data for the Mg–X
alloys.
Fig. 8(a) and Table 6(a) show the EIS data for as-cast Mg1Mn.
The inductance loop at lower frequencies was attributed to local-
ised corrosion or micro-galvanic corrosion [107,160,167,168].
Some areas of the specimen corroded preferentially, and there
was localised corrosion within 5 min. Localised corrosion domi-
nated for the duration of the immersion tests. However, there
were also contributions from film growth and breakdown. In
the first 6 h Rf increased attributed to film formation and growth;
Rt also increased attributed to a decrease in the area of active cor-
rosion as the film formed and grew. At the 2nd day, there was
partial film breakdown as Rf decreased. Thereafter there was min-
or change attributed to a balance been film growth and break-
down, and the values of Rf and Rt were small and fluctuated in
a small range. The corrosion rate Pi,EIS of Mg1Mn in Fig. 12a was
consistent with this film change processes. Furthermore, Fig. 18
clearly shows substantial localised corrosion on the corroded sur-
face of Mg1Mn.
Fig. 8(b) and Table 6(b) indicated that the corrosion process for
as-cast Mg0.1Zr were similar to those for as-cast Mg1Mn. Localised
corrosion had started within 5 min and continued for the whole
immersion time. A film formed at beginning of the immersion test
and was degraded during the test. Fig. 24 confirmed substantial
localised corrosion on the corroded surface of as-cast Mg0.1Zr.
(a) (b) (c)
Fig. 18. Surface appearance after immersion testing at the open circuit potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C and after removal
of corrosion products for as-cast Mg1Mn (a) OP; (b) back scattered electron image (BSE); (c) BSE.
(a) (b) (c)
Fig. 19. Surface appearance after immersion testing at the open circuit potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C and after removal
of corrosion products for solution heat-treated Mg1Mn (a) OP; (b) BSE; (c) BSE.
84 F. Cao et al. / Corrosion Science 76 (2013) 60–97Fig. 9(a) and Table 6(c) indicated the corrosion process for solu-
tion heat-treated Mg1Mn. A film formed and grew more protective
for the whole immersion test, which was reflected by the increas-
ing values of Rf and Rt. The lack of an inductive loop indicated that
the specimen corroded uniformly and there was no localised corro-
sion, which was consistent with the uniformly corroded surface
shown in Fig. 19.
Fig. 9(b) and Table 6(d) indicated the corrosion process for solu-
tion heat-treated Mg5Sn. Localised corrosion was established by
the first day of the immersion tests and continued to dominate
for the whole immersion test, which was consistent with the sub-
stantial localised corrosion in the corroded surface after the test as
shown in Fig. 36.
Fig. 9(c) and Table 6(e) indicated that the corrosion process of
solution heat-treated Mg0.3Ca was similar to that for solution
heat-treated Mg5Sn. Localised corrosion was quickly established
and dominated for the whole immersion test, which was consis-
tent with the substantial localised corrosion in corroded surface
after test as shown in Fig. 22.-55Fig. 9(d) and Table 6(f) indicated that the corrosion process of
solution heat-treated Mg5Al were similar to those for solution
heat-treated Mg5Sn and Mg0.3Ca. Localised corrosion dominated
for the whole immersion test, and the film that formed in the first
5 min became less protective, which was consistent with the sub-
stantial localised corrosion in corroded surface after test as shown
in Fig. 31.
The above analysis indicates that all the solution heat-treated
Mg–X alloys (with the exception of Mg1Mn) suffered localised cor-
rosion throughout the immersion test. The appearance of the
inductive loop in the EIS spectra indicated the occurrence of local-
ised corrosion.
4.6. Influence of alloying
Fig. 11a and Fig. 13a indicate that the corrosion rates for
the as-cast Mg alloys could be approximately characterised by
the following increasing sequence: HP Mg, Mg0.3Ca, Mg1Mn,
Mg6Al, Mg0.1Sr, Mg5Sn, Mg0.3Si, Mg5Zn, Mg0.1Zr. Fig. 11b-
(b) (c)(a)
Fig. 20. Surface appearance after the salt spray test and after removal of corrosion products for solution heat-treated Mg1Mn (a) OP; (b) SE; (c) SE.
(a) (b)
Fig. 21. Surface appearance after immersion testing at the open circuit potential
(OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C and after
removal of corrosion products for as-cast Mg0.3Ca (a) OP; (b) BSE.
(a) (b)
Fig. 22. Surface appearance after immersion testing at the open circuit potential
(OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C and after
removal of corrosion products for solution heat-treated Mg0.3Ca (a) OP; (b) BSE.
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heat-treated Mg alloys could be approximately characterised by
the following increasing sequence: HP Mg, Mg1Mn, Mg0.3Ca,
Mg5Sn, Mg5Zn, Mg6Al, Mg0.1Zr, Mg0.1Sr, Mg0.3Si. There was a
fair amount of scatter between the duplicate measurements,
but nevertheless there was general agreement. There was a clear
correlation with type of alloying rather than quantity of alloying.
The results also indicated that the influence that the alloying
elements on corrosion of the Mg alloy was influenced by the
heat treatment.
4.7. Influence of particles
There were particles in the microstructure for all the solution
heat-treated Mg–X alloys. It is accepted that there were significant
errors associated with the measurement of the chemical composi-
tion of the particles. Nevertheless, the EDS analyses did provide an
indication of which elements were present in the particles, and-56-some indication of the amounts. The EDS analyses provided a first
characterisation of these particles. Most of the particles contained
the alloying element, which indicated that the solution heat treat-
ment did not completely dissolve all the alloying elements, or that
the alloying elements were involved in the formation of oxides, sil-
icides and carbides.
In some solution heat-treated specimens such as Mg1Mn,
Mg6Al, Mg5Zn and Mg5Sn, there were some bright particles or
clusters in the centre of the corrosion depressions, which was con-
sistent with particles causing some micro-galvanic corrosion of the
surrounding Mg matrix. However, not all corrosion depressions
contained a particle and it is conceivable that some particles
dropped out of the depressions after the immersion test, or during
corrosion product removal.
There were some AgCl particles in as-cast Mg0.1Zr after immer-
sion and salt spray test. The Cl from the solution precipitated with
Ag+ from the chromic acid during the removal of the corrosion
product after the test. They were usually removed by the distilled
(b) (c)(a)
Fig. 23. Surface appearance after the salt spray test and after removal of corrosion products for solution heattreated Mg0.3Ca (a) OP; (b) SE; (c) SE.
(a) (b)
Fig. 24. Surface appearance after immersion testing at the open circuit potential
(OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C and after
removal of corrosion products for as-cast Mg0.1Zr (a) OP; (b) BSE.
(a) (b)
Fig. 25. Surface appearance after immersion testing at the open circuit potential
(OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C and after
removal of corrosion products for solution heat-treated Mg0.1Zr (a) OP; (b) SE.
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rosion cavities. However, there was no relationship between the
AgCl particles and the corrosion of Mg alloys during the immersion
test or salt spray test, as the AgCl particles were deposited after the
corrosion test during corrosion product removal.
The composition of the particles given in Table 9 and the topog-
raphy of the corroded surfaces, indicate that the particles could be
classified into to three groups: (i) particles that contained a sub-
stantial content of alloying elements (see bright particles marked
as ‘‘P’’ in Figs. 19, 25, 31 and 37); (ii) particles that contained a sub-
stantial content of Zr and sometimes formed particles cluster (see
particles marked as ‘‘C’’ in Figs. 19, 31 and 37); and (iii) particles
that contained nearly the same composition of Ca, O and S in solu-
tion treated Mg1Mn, solution treated Mg5Zn and solution treated
Mg0.3Si (marked as ‘‘G’’ in Fig. 19). The grey particles were not
found in the matrix of the solution heat-treated specimens before
the immersion test but were found after the immersion test. This
was attributed to the fact that before the test the colour of the grey
particles was the same as the matrix and could not be identified. It-57was not the immersion test that produced the grey particles. The
images of the corroded surfaces indicated that the area close to
the last two types of particles was more corroded than the other
part of the specimen surfaces, and the particles stood out of the
matrix. This was attributed to micro-galvanic corrosion. However,
whether the first type caused micro-galvanic corrosion depended
on the alloying element, as shown by the corroded area around
the bright particles in Fig. 31, but there was not an obvious cor-
roded area around particles in Fig. 19. If the potential of the particle
was close to that of Mg, there would be negligible micro-galvanic.
In contrast, if the potential was significantly more positive than
that of Mg, there was a significant micro-galvanic effect as for
the last two type particles.
Table 5c indicates that the corrosion rates as measured by
weight loss, PW for the solution heat-treated Mg–X alloys was sub-
stantial, and moreover did not correlate with the Fe content of the
alloys.-
(a) (b)
Fig. 26. Surface appearance after the salt spray test and after removal of corrosion
products for solution heat-treated Mg0.1Zr (a) OP; (b) BSE.
(a) (b)
Fig. 28. Surface appearance after immersion testing at the open circuit potential
(OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C and after
removal of corrosion products for solution heat-treated Mg0.1Sr (a) OP; (b) SE.
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Mg–X alloys. However, evidence was not obtained to link the par-
ticles to the serious localised corrosion. It could be suggested that
the particles caused micro-galvanic corrosion, and that the individ-
ual corrosion cavities could link up to cause a large area of substan-
tial corrosion. Then a micro-galvanic corrosion cell could be
formed between the corroded area and the less corroded area,
which was covered by partially protective film. As a result, the ano-
dic area of the galvanic cell was heavily corroded and continued
until the end of immersion test.
4.8. Influence of heat treatment
For the Mg–X alloys Mg6Al, Mg5Zn, Mg5Sn and Mg0.3Si, the
SEM images in Fig. 1 indicated that substantial second phases were
dissolved into the matrix in the solution heat treatments, whereas
there were some particles still in the matrix. For Mg1Mn, Mg0.3Ca,
Mg0.1Zr and Mg0.1Sr, some particles were dissolved during the(a) (b)
Fig. 27. Surface appearance after immersion testing at the open circuit potential (OCP) in
of corrosion products for as-cast Mg0.1Sr (a) OP; (b) BSE; (c) BSE.
-58-solution heat treatment. However, there were some particles con-
taining a high content of alloying elements, oxygen, silicon and
some impurity metals in the solution heat-treated alloys. For
example, the cluster of particles in as cast Mg0.1Zr in Fig. 1(c)
was the same as the cluster of particles in solution heat-treated
Mg0.1Zr in Fig. 1(k). It is expected that the undissolved particles
for all the Mg–X alloys were formed in the casting process or dur-
ing solution heat treatment.
Table 8 summarises the corrosion rates of the as-cast Mg–X al-
loys and the solution heat-treated Mg–X alloys, and allows a com-
parison between the alloys in these two metallurgical conditions.
Fig. 15 also provides a direct comparison of the corrosion rates
from weight loss, and indicates that the corrosion rate after solu-
tion heat treatment had decreased for Mg1Mn, Mg0.1Zr, Mg5Zn
and Mg5Sn. In contrast, the corrosion rates of Mg0.3Ca, Mg5Sr,
Mg6Al and Mg0.3Si were accelerated by the solution heat-
treatment.(c)
3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C and after removal
(a) (b) (c)
Fig. 29. Surface appearance after the salt spray test and after removal of corrosion products for solution heat-treated Mg0.1Sr (a) OP; (b) BSE; (c) BSE.
(a) (b) (c)
Fig. 30. Surface appearance after immersion testing at the open circuit potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C and after removal
of corrosion products for as-cast Mg6Al (a) OP; (b) BSE; (c) BSE.
(a) (c)(b)
Fig. 31. Surface appearance after immersion testing at the open circuit potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C and after removal
of corrosion products for solution heat-treated Mg6Al (a) OP; (b) BSE; (c) BSE.
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(b) (c)(a)
Fig. 32. Surface appearance after the salt spray test and after removal of corrosion products for solution heat-treated Mg6Al (a) OP; (b) BSE; (c) BSE.
(a) (b) (c)
Fig. 33. Surface appearance after immersion testing at the open circuit potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C and after removal
of corrosion products for as-cast Mg5Zn (a) OP; (b) BSE; (c) BSE.
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the distribution of the element Mn and dissolved some particles,
which led to the transition of the corrosion type from localised cor-
rosion of the as-cast alloy to uniform corrosion of the solution
heat-treated alloy. This is main reason why the corrosion of
Mg1Mn decreased after the solution heat treatment.
For Mg0.1Zr, the corrosion rates from the immersion test before
and after solution heat treatment were similar. However, the cor-
rosion rates from salt spray decreased a lot after solution heat
treatment, which could probably be attributed to the particles dis-
solved into the matrix or some more protective film formed for the
solution treated alloy in the salt spray test.
For Mg5Zn and Mg5Sn, the solution heat treatment dissolved
substantial second phases, as shown in Figs. 1(f) and (n) for
Mg5Zn, (g) and (o) for Mg5Sn. From the images of the as-cast
specimens after corrosion product removed in Figs. 33 and 36,
the second phases created a galvanic effect and accelerated the
corrosion rate. Thus, the solution heat-treated alloys without
substantial second phases had a lower corrosion rates than the
as-cast alloys.-60-For Mg0.3Ca, Mg0.1Sr and Mg0.3Si, the solution heat-treatment
accelerated the corrosion rate, which was attributed to probably to
some harmful particles precipitated during the solution heat treat-
ment as there were many particles in the matrix after solution heat
treatment as shown in Figs. 1(j), (l) and (p). The corrosion rate was
highest for solution heat-treated Mg0.1Sr, which indicates that, if
the corrosion rate was indeed caused by the particles in this alloy,
then these particles are extremely efficient cathodes for the catho-
dic reaction of hydrogen evolution.
For Mg6Al, despite the fact that some second phases were dis-
solved, the solution heat-treated alloy may have formed a more
protective film because of the passivation characteristics of
dissolved Al [28], and partial film breakdown might be the cause
for the higher corrosion rates in the solution heat-treated
condition.
4.9. Comparison with the literature
Hanawalt et al. [11] studied the corrosion behaviour of binary
Mg alloys using alternate immersion in 3% NaCl solution. The cycle
(a) (b)
Fig. 34. Surface appearance after immersion testing at the open circuit potential
(OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C and after
removal of corrosion products for solution heat-treated Mg5Zn (a) OP; (b) BSE.
(b)(a)
Fig. 36. Surface appearance after immersion testing at the open circuit potential
(OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C and after
removal of corrosion products for as-cast Mg5Sn (a) OP; (b) BSE.
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rosion test was continued for 16 weeks. The data from Hanawalt
et al. [11] are listed in Table 10 and were much smaller than the
data from this study. One major factor was the different corrosion
environments as the specimens in this study were fully immersed
in 3.5% NaCl solution saturated with Mg(OH)2 for the whole
immersion test while the immersion time of their experiment only
occupied one fifth of the total time. The implication is that 3.5%
NaCl solution saturated with Mg(OH)2 was much more aggressive
than theirs.
4.10. Insights into the localised corrosion
In this study, only HP Mg, as cast Mg0.3Ca and solution heat-
treated Mg1Mn showed uniform corrosion. All the other Mg–X al-
loys suffered substantial localised corrosion. At the start of the test,
some locations were preferred sites for corrosion such as the ma-(b)(a)
Fig. 35. Surface appearance after the salt spray test and after removal of cor
-61trix around particles or second phases because of the micro-gal-
vanic acceleration. Although the heat treatment dissolved the
second phase, the different distribution of alloying element or
impurities also led to some parts to be easily corroded. As the cor-
rosion progressed, a film formed and covered the surface of the
specimen, which provided some protection from corrosion. How-
ever, for the preferred corroded area the large volume of evolved
hydrogen could easily break the integrity of the film. So corrosion
continued unimpeded in these parts. For the alloys containing a
considerable amount of alloying elements such as Mg6Al, Mg5Zn
and Mg5Sn, it was found that at the deep corrosion areas it seemed
that the area near the grain boundary suffered less corrosion than
the other parts, which could be due to the high content of the
alloying elements of these parts and galvanic effects. In contrast,
for the alloys containing a low amount of alloying elements, the
lamellar corrosion was found such as in as-cast Mg1Mn, as-cast
Mg0.1Sr and as-cast Mg0.3Si. This could be due to the influence(c)
rosion products for solution heat-treated Mg5Zn (a) OP; (b) SE; (c) BSE.
-
(a) (b) (c)
Fig. 37. Surface appearance after immersion testing at the open circuit potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C and after removal
of corrosion products for solution heat-treated Mg5Sn (a) OP; (b) BSE; (c) BSE.
(b)(a) (c)
Fig. 38. Surface appearance after the salt spray test and after removal of corrosion products for solution heat-treated Mg5Sn (a) OP; (b) BSE; (c) SE.
(a) (b) (c)
Fig. 39. Surface appearance after immersion testing at the open circuit potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C and after removal
of corrosion products for as-cast Mg0.3Si (a) OP; (b) BSE; (c) BSE.
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(a) (b)
Fig. 40. Surface appearance after immersion testing at the open circuit potential
(OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 25 ± 2 C and after
removal of corrosion products for solution heat-treated Mg0.3Si (a) OP; (b) SE.
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entation are the most corrosion resistant for pure Mg [169]. Alter-
natively, the cause could be the precipitation of Fe rich phases
during solidification as observed by Qiao et al. [106].4.11. Insights into the Mg corrosion mechanism
The corrosion rates of all the Mg–X alloys in this work were lar-
ger than that of HP Mg, which could be due to the following rea-
sons: (i) the alloying elements activated the surface of the alloys
or made the surface film easy to break during the test; (ii) the
residual amount of Fe (which was not removed by Zr) decreased
the corrosion resistance of the alloy, by precipitating Fe rich parti-
cles during solidification; (iii) the particles in the matrix acceler-
ated the corrosion rate. There was galvanic effect between the
second phases and matrix in the as cast alloys. The second phases
were protected and the matrix around them was substantially(b)(a)
Fig. 41. Surface appearance after the salt spray test and after removal of cor
-63corroded. In addition, the particles in matrix could also affect the
corrosion behaviour of the Mg alloy. They could initiate corrosion
and cause micro-galvanic acceleration of the corrosion.
The data was not sufficiently clear to be able to test the predic-
tion that the Fe tolerance limit is 2 ppm for heat-treated Mg–X
alloys.5. Conclusion
1. The corrosion rate of all alloys was faster than that of high-
purity Mg.
2. Most second phases were dissolved during the solution heat
treatment, but there were some particles in the microstruc-
ture after the solution heat treatment.
3. The expectation was not met that the Mg–X alloys in the
solution heat-treated condition should have corrosion rates
equal to (or less than) that of high-purity Mg. Thus these
alloys did not behave like they were high-purity Mg alloys,
despite the low Fe content.
4. The solution heat treatment decreased the corrosion rate for
Mg1Mn, Mg5Sn, Mg5Zn and Mg0.1Zr and accelerated the
corrosion rates for Mg0.3Ca, Mg0.3Si, Mg6Al and Mg5Sr,
compared with the as-cast Mg–X alloys.
5. The average corrosion rate measured from hydrogen evo-
lution, PAH, was in good agreement with the corrosion rate
from weight loss measurements, PW, for corrosion rates
greater than 2 mm y1. For lower corrosion rates PAH
was less than PW attributed to some hydrogen dissolving
in the Mg metal rather than being evolved as hydrogen
gas.
6. PH was always larger than Pi and Pi,EIS. This is consistent
with Mg corrosion being only partly under electrochemical
control. This is also consistent with the fact that the
apparent valence was always less than 2. The values less
than 1.0 provide support for the new hydride mechanism
for Mg dissolution. However, the lowest values of apparent
valence were for specimens with substantial corrosion
rates, and heterogeneous corrosion. It is conceivable that
the evolving hydrogen at the specimen surface, particu-
larly at pits, could insulate the surface so that the electro-
chemical measurement underestimates the actual
corrosion rate(c)
rosion products for solution heat-treated Mg0.3Si (a) OP; (b) SE; (c) SE.
-
Table 9
Chemical composition, in wt.% as determined by EDS, of particles in the solution heat-treated Mg–X alloys after immersed at the open circuit potential (OCP) at 25 ± 2 C in 3.5%
NaCl solution saturated with Mg(OH)2 for 7 days, and after corrosion product removal.
Mg alloy Type Mg Alloying element X O Si C Zr Mn Ca S Other
Mg1Mn Bright particles 71 23 3 3 – – – – – –
67 29 0.5 3.5 – – – – – –
Particle cluster 4 1 10 – – 83 – – – –
Grey particle 38 – 25 – – – – 35 2 –
Mg0.3Ca Bright particle 57 – 3.5 – 35 4.5 – – – –
Mg0.1Zr Bright particle 86 – 1.5 – 12.5 – – – – –
73 20.5 5 – – – – – – 1.5Cr
75.5 16 5 – – – – – – 1.5Fe, 2Cr
56 16 7 – 18.5 – – – – 1Fe, 1.5Cr
Mg6Al Bright particles 46 30 1 1 3.5 – 18.5 – – –
51 15 2 0.5 23.5 – 8 – – –
Particle cluster 36.5 24.5 3 2 – 29 5 – – –
46 15 7 – – 22 – – – 10Fe
Mg5Zn Bright particles 62 2.5 1 6 4 – 10.5 – – 4Fe
88 12 – – – – – – – –
86 4.5 1.5 – – 8 – – – –
Grey particle 2.5 1 25 – 32 – – 36.5 3 –
Mg5Sn Bright particle 74 11 3 12 – – – – – –
88 8.5 1.5 2 – – – – –
79.5 8.5 12 – – – – – –
Particle cluster 37 10 – 1 48 – – – 4Cr
Mg0.3Si Grey particle 1.5 – 32 – 28 – – 36 2.5 –
Table 10
Comparison of the corrosion rate of Hanawalt et al. [11] and those measured in the present work.
Reference HP Mg Mg1Mn Mg0.3Ca Mg0.3Si Mg6Al Mg5Sn Mg5Zn
Corrosion rate (mm y1) [11] 0.4 0.4 0.4 0.4 0.6 0.6 6
Present work 0.6 2.8 1.2 9 4 6 15
F. Cao et al. / Corrosion Science 76 (2013) 60–97 937. There was much scatter in the plot of corrosion rate mea-
sured using weight loss in the salt spray test, PW,salt spray,
plotted against the corrosion rate measured using weight
loss in the immersion test, PW. However, there was a general
trend in that alloys that had high values of corrosion in the
immersion test also had high corrosion values in the salt
spray test; and the corrosion rates for both tests were in
the same range from 0.5 to 150 mm y1. Furthermore thereTable A1
Influence of chromic acid cleaning for as-cast Mg–X alloys.
Specimen Area
(cm2)
Weight W1 (g), before
chromic acid cleaning
Weight W2 (g), 8 min after the fi
chromic acid cleaning
HP Mg 10.1 3.0206 3.0206
10.1 2.9854 2.9854
Mg0.3Ca 5.31 1.5820 1.5819
4.93 1.3795 1.3794
Mg1Mn 5.36 1.6089 1.6088
4.63 1.2246 1.2245
Mg0.1Sr 5.21 1.5047 1.5045
5.30 1.5898 1.5898
Mg6Al 5.54 1.7156 1.7156
5.46 1.6567 1.6567
Mg5Sn 5.26 1.5862 1.5861
5.51 1.6687 1.6686
Mg0.3Si 5.34 1.5591 1.5589
5.45 1.6300 1.6300
Mg5Zn 5.12 1.5332 1.5332
5.11 1.5172 1.5172
Mg0.1Zr 4.51 1.2311 1.2310
5.47 1.6614 1.6613
-64-were similarities in some cases in the corroded morpholo-
gies after immersion testing and salt spray testing. Never-
theless, there were also significant differences.
8. The corrosion rates for the as-cast Mg–X binary alloys were
in the following increasing sequence: HP Mg, Mg0.3Ca,
Mg1Mn, Mg6Al, Mg0.1Sr, Mg5Sn, Mg0.3Si, Mg5Zn, Mg0.1Zr,
and for the solution heat-treated Mg–X binary alloys the
increasing sequence was: HP Mg, Mg1Mn, Mg5Sn, Mg0.3Ca,rst Weight W3 (g), 8 min after the
second chromic acid cleaning
Weight W4 (g), 8 min after the
third chromic acid cleaning
3.0205 3.0205
2.9853 2.9853
1.5819 1.5818
1.3794 1.3794
1.6088 1.6087
1.2245 1.2245
1.5044 1.5044
1.5898 1.5897
1.7156 1.7156
1.6567 1.6567
1.5861 1.5860
1.6686 1.6685
1.5589 1.5588
1.6300 1.6300
1.5332 1.5332
1.5171 1.5172
1.2310 1.2310
1.6612 1.6612
Table A2
Influence of chromic acid cleaning for solution heat-treated Mg–X alloys.
Specimen Area
(cm2)
Weight W1 (g), before
chromic acid cleaning
Weight W2 (g), 8 min after the first
chromic acid cleaning
Weight W3 (g), 8 min after the
second chromic acid cleaning
Weight W4 (g), 8 min after the
third chromic acid cleaning
Mg1Mn 3.88 0.9991 0.9991 0.9991 0.9991
5.16 1.5400 1.5400 1.5400 1.5400
Mg5Sn 4.02 1.0374 1.0373 1.0372 1.0372
3.74 0.9850 0.9850 0.9850 0.9850
Mg0.3Ca 4.55 1.3333 1.3332 1.3332 1.3332
4.70 1.2206 1.2204 1.2204 1.2204
Mg5Zn 6.20 2.0619 2.0617 2.0617 2.0617
5.75 1.9183 1.9182 1.9181 1.9181
Mg6Al 2.57 0.3776 0.3776 0.3776 0.3776
3.09 0.6407 0.6407 0.6407 0.6407
Mg0.1Zr 2.79 0.5533 0.5533 0.5533 0.5532
2.41 0.4942 0.4941 0.4941 0.4941
Mg0.3Si 4.86 1.4022 1.4022 1.4022 1.4022
3.78 0.9941 0.9941 0.9940 0.9940
Mg0.1Sr 4.84 1.3785 1.3785 1.3785 1.3785
5.19 1.5364 1.5363 1.5362 1.5362
94 F. Cao et al. / Corrosion Science 76 (2013) 60–97Mg5Zn, Mg6Al, Mg0.04Zr, Mg0.3Si, Mg0.1Sr. There was a fair
amount of scatter between the duplicate measurements, but
nevertheless there was general agreement.
9. There was a clear correlation with type of alloying rather
than quantity of alloying.
10. There was evidence that the influence of the alloying for the
solution heat-treated Mg–X alloys was by the mechanism of
micro-galvanic corrosion caused by the particles.
11. The data was not sufficiently clear to be able to test the pre-
diction that the Fe tolerance limit is 2 ppm for heat-treated
Mg–X alloys.
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Appendix A. Influence of chromic acid cleaning
Following Fuyong et al. [107], Table A1 presents measurements
of the influence of chromic acid cleaning for as cast Mg–X alloy
specimens: (i) W1 is the initial weight of the specimen ground to
2000 grit, washed with distilled water, dried with a jet of clean
compressed air, dried with hot air from a hair dryer, and weighed
within 8 min; (ii) W2 is the weight after 10 min in the chromic
acid solution, washed with distilled water, dried with a jet of clean
compressed air at room temperature (25 C), dried with hot air
from a hair dryer, cooled to room temperature, and weighted with-
in  8 min, (iii)W3 is after a second 10 min chromic acid clean and
dry as for (ii), and (iv) similarly for and W4. Table A2 presents the
corresponding data for solution treated Mg–X alloys. The removal
of metallic Mg by the chromic acid cleaning was less than
0.0003 g for each Mg alloy specimen.-65References
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The influence of hot rolling on the corrosion of Mg–X alloys (X = Gd, Ca, Al, Mn, Sn, Sr, Nd, La, Ce, Zr or Si)
was investigated by immersion tests in 3.5% NaCl solution saturated with Mg(OH)2. The corrosion rates
for all Mg–X alloys (except Mg0.1Zr and Mg0.3Si) decreased after hot rolling, attributed to fine-grained
alloys having a more homogeneous microstructure, and fewer, smaller second-phase particles. For
Mg0.1Zr and Mg0.3Si, the corrosion rate increased after hot rolling. There were a number of possible rea-
sons, one of which was a greater sensitivity to the precipitation of deleterious Fe-rich particles.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Magnesium (Mg) alloys are considered to be attractive structure
materials for light-weight vehicles due to their low density, and
high strength to weight ratio. The widespread application of Mg
alloys in automobiles can decrease fuel consumption through
light-weighting, which benefits our environment. Mg alloys are
also regarded as promising biodegradable implants for use in the
human body [1–4]. However, the poor corrosion resistance of Mg
alloys limits their more wide-spread application in both industry
and medical applications [4–12]. It is therefore necessary to better
understand the mechanisms and the important factors, which
control Mg corrosion, and to find better ways to improve their
corrosion performance.
Hot rolling has been reported to improve the corrosion resis-
tance of Mg alloys [13,14]. Gu et al. [13] reported that binary Mg
alloys after hot rolling evolved less hydrogen when immersed in
both simulated body fluid and in Hank’s solution. However, the
authors did not explain the reason why hot rolling decreased the
corrosion rate. Han et al. [14] also reported that hot rolling
improved the corrosion resistance in Hank’s solution through grain
refinement, but they also did not explain how the grain refinement
decreased the corrosion rate. Therefore, it is necessary to review
the research on the influence of grain-size on the corrosion behav-
ior of Mg alloys. Grain refinement produced by equal channel
angular pressing improved the corrosion resistance of AZ31 Mg
alloy in simulated body fluid [15]. A similar improvement fromgrain refinement induced by equal channel angular pressing was
reported for pure Mg corroding in 0.1 M NaCl solution [16]. Ralston
et al. [17] claimed that the critical relationship linking grain size
and corrosion resistance was analogous to the Hall–Petch relation-
ship. Similarly, Pu et al. [18,19] reported that grain refinement
increased corrosion resistance and surface hardness, but the bene-
ficial effect of grain refinement became smaller when grains were
small, around 1 lm. Aung and Zhou [20] proposed that the grain
boundaries acted as a physical corrosion barrier, and a smaller
grain size led to better corrosion resistance. However, this was dis-
puted by Song and Xu [21,22]. Song and Xu indicated that the grain
boundary cannot act as a barrier for corrosion in AZ31. Instead,
they suggested that the impurity and solute concentration at grain
boundaries is larger than inside the grains due to the severely dis-
torted lattice at the grain boundaries. The impurities and solute act
as effective cathodes to the AZ31 matrix phase, and decrease the
corrosion resistance. Therefore, more grain boundaries lead to less
impurities and precipitated solute, and better corrosion perfor-
mance. In addition, contradictory findings have been reported for
pure Mg [23] and AZ91D [24], for which a fine grain size after equal
channel angular pressing showed significantly lower corrosion
resistance in NaCl solution, which was attributed to influences
caused by strain-induced crystalline defects, and the loss of the
b-phase barrier for AZ91D.
Whilst the relationship between grain size and corrosion resis-
tance is unclear, it is also important to consider the other factors,
which are introduced by hot rolling such as heat treatment, surface
contamination, and the introduction of twins. Liu et al. [25]
explained how heat treatment can lead to the precipitation of an
Fe-rich phase from the Mg matrix, significantly increasing the
F. Cao et al. / Corrosion Science 90 (2015) 176–191 177corrosion rate. Song and Xu [21] reported that the corrosion resis-
tance of AZ31 sheet was reduced after heat treatment. The surface
of Mg was easily contaminated by Fe-containing particles, which
could decrease the corrosion resistance of the Mg alloy [21]. Aung
and Zhou [20] suggested the twins accelerated the corrosion rate of
AZ31B in 3.5% NaCl solution.
The above studies were carried out on a few selected commer-
cial Mg alloys and it is important to further explore if there are
similar influences in other alloying systems.
The aim of the present research was to study the influence of
hot rolling on the corrosion behavior of Mg–X alloys (X = Gd, Ca,
Al, Mn, Sn, Sr, Nd, La, Ce, Zr, Si) in 3.5% NaCl solution saturated with
Mg(OH)2. This research follows on from the prior research that
studied these alloys in the as-cast and solution-heat-treated condi-
tions [8,10].
2. Experimental methods
2.1. Materials and specimens
The Mg–X alloys were prepared as described previously
[8,10,26]. Pieces of high-purity Mg (99.9 wt.%) were melted in an
aluminum titanate crucible, and an appropriate amount of com-
mercial-purity alloying element, or the alloying element in the
form of a master alloy, was added. About 150 ppm Zr was added
to purify the melt. The melt was kept at 670 C for an hour to allow
the Zr to combine with the Fe dissolved in the molten Mg, and for
the Fe2Zr particles to settle down to the bottom of the melt. The top
part of the molten Mg–X was cast into round steel molds of diam-
eter of 20 mm, and the rod shaped ingots were allowed to cool to
room temperature. Some Mg–X specimens were cut from the sheet
before hot rolling in order to study the microstructure. The ingots
were annealed at 500 C in argon for 5 h and air cooled; heated to
430 C, and hot rolled from 20 mm to 3 mm in 8 passes;
with approximately 20% reduction per pass, and with 20 min
reheating between passes. The hot-rolled Mg–X samples
(20 mm  15 mm  2.6 mm) were cut from these sheets. Table 1
presents the chemical composition of the Mg–X alloys as deter-
mined by optical emission spectroscopy (ICP-OES) by the Analyti-
cal Services Unit at the School of Agriculture and Food Sciences,
The University of Queensland [8,10].
The microstructure of each Mg–X alloy before and after hot
rolling was characterized using optical microscopy, and a JEOL
JSM-6460LA Scanning Electron Microscope (SEM) combined with
Energy Dispersive Spectrometer (EDS). Each specimen for micro-
structure analysis was ground with a succession of SiC papers,
polished to 0.25 lm diamond, and etched using a solution that
contained 1 mL HNO3, 20 mL acetic acid, 20 mL H2O, made up to
100 mL using ethanol.
Fishing line specimens [9] of each hot-rolled Mg–X alloy for
immersion corrosion testing were cut from the sheet after hot roll-
ing. All specimen surfaces were ground with a succession of SiCTable 1
Chemical composition of each Mg–X alloy, in wt ppm.
Alloy X Al Ca Cu
Mg5Gd 49,157Gd 260 207 25
Mg0.3Ca 2615Ca 60 2615 22
Mg6Al 55,723Al 55723 26 29
Mg1Mn 11,338Mn 95 62 11
Mg5Sn 50,461Sn 239 27 25
Mg0.1Sr 1066Sr 105 22 28
Mg0.6Nd 5764Nd 83 73 32
Mg0.7La 6992La 127 45 24
Mg0.9Ce 8894Ce 99 14 17
Mg0.1Zr 1317Zr 54 33 19
Mg0.3Si 2774Si 51 34 23
-72-papers to 1200 grit SiC paper. Each specimen was washed, dried
using cold air and warm air, kept in a desiccator for two days,
and weighed, to give the weight before testing, Wb.
Each specimen (20 mm  15 mm  2.6 mm) for electrochemi-
cal testing was also cut from the hot rolled Mg–X sheet. The
surfaces were prepared in the same manner as the fishing line
specimens.2.2. Immersion tests
The fishing line Mg–X specimen was immersed in a 3.5% NaCl
solution saturated with Mg(OH)2, which was made by dissolving
the appropriate amount of NaCl in distilled water, and adding an
excess of Mg(OH)2 as power. Reagent grade chemicals were used.
The temperature was 24 ± 1 C, and the immersion test duration
was 7 d.
The setup of the immersion test was the same as described in
our previous research [9,27]. The evolved hydrogen was collected
into a burette by a funnel above the specimen. This arrangement
allowed the evaluation of corrosion behavior of the Mg alloys
simultaneously by weight loss, and the evolved hydrogen volume.
After the immersion test, the specimens were immersed in a
chromic acid cleaning solution containing a CrO3 concentration
of 200 g L1 and a AgNO3 concentration of 2 g L1 to remove the
corrosion products. Prior research has indicated that this solution
removes all the corrosion products but removes no measurable
Mg metal [8,10]. The specimens were washed, dried with cold air
and warm air, kept in a desiccator for two days, and weighed to
give the weight after testing, Wa. The surface of each corroded
specimen was analyzed using optical microscopy and scanning
electron microscopy (SEM).
The volume of evolved hydrogen, VH (mL cm2), was measured
at 24 ± 1 C. The instantaneous corrosion rate, PH (mm y1), was
calculated from the hydrogen evolution rate, _VH (mL cm2 d1)
(the slope of the curve of the volume of evolved hydrogen versus
time), using [9,27]:
PH ¼ 2:088 _VH ð1Þ
The average corrosion rate, PAH (mm y1), was evaluated using Eq.
(1) from the total volume of hydrogen evolved for the total immer-
sion time.
Each specimen was dried and weighed before and after the
immersion test to provide the specimen metallic weight loss. The
corrosion rate, PW (mm y1) was determined from [9,28–30]:
PW ¼ 2:10Wa WbAt ð2Þ
where Wa (mg) and Wb (mg) were the weight of the dry specimen
before and after the immersion test, respectively, A (cm2) was the
exposed surface area of the specimen, and t (d) was the immersion
duration.Fe Mn Ni Si Zn Zr
222 446 14 688 67 373
16 573 4 293 43 19
41 463 55 256 76 225
0 11338 2 100 36 42
25 412 7 260 48 147
25 435 9 473 50 34
68 451 5 374 47 712
48 560 9 406 67 158
16 550 11 45 113 324
16 357 3 739 43 1317
25 419 29 2774 42 34
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A cathodic polarization curve was measured for each specimen
24 h after the specimen was immersed in the 3.5% NaCl solution
saturated with Mg(OH)2, using a typical three-electrode cell as
described by Shi and Atrens [9], with the specimen as the working
electrode. The reference electrode (Ag/AgCl/Sat KCl) and the coun-
ter electrode (a Pt mesh 5 mm  10 mm) were positioned close to
the specimen. An alligator clip was used to connect to the speci-
men at one corner of the specimen, and sealed with PTFE tape to
insulate the connection area, similar to the setup shown in [31].
The polarization curve was measured from Ecorr + 30 mV to Ecorr
300 mV, at a scan rate of 10 mVmin1. Each polarization curve
was corrected for iR drop during measurement (where i is the cur-
rent density and R is the resistance between the specimen and the
tip of the reference electrode).
Both Tafel extrapolation and the Levenburg–Marquardt (LEV)
[9,32–34] method were used to fit the polarization curves to give
corrosion current density, icorr (mA cm2), the slope of the cathodic
polarization curve, bc (mV decade1), and the slope of the anodic
polarization curve, ba (mV decade1) using the software of Corr-
View-3.0 (by Scribe Associates, Inc., USA). The Levenburg–Marqu-
ardt (LEV) method fitted the measured curve (measured values of
current density, i, and applied potential, E) using the following
equation:
i ¼ icorr 10
EEcorr
ba  10EEcorrbc
 
ð3Þ
The instantaneous corrosion rate, Pi (mm y1), was determined
from the corrosion current density, icorr (mA cm2) by [9,28,30]:
Pi ¼ 22:85icorr ð4Þ3. Results
3.1. Microstructure
The microstructure of the Mg–X alloys is presented in Figs. 1–4.
Figs. 1 and 2 present the as-cast alloys for comparison with the
hot-rolled alloys presented in Figs. 3 and 4. The microstructures
of the hot-rolled alloys were finer, so the magnifications used in
Figs. 3 and 4 are greater. Optical metallography allowed an over-
view comparison of the microstructure of the as-cast alloys in
Fig. 1 with that of the hot-rolled alloys in Fig. 3. The grain bound-
aries of the hot-rolled alloys in Fig. 3 were in most cases difficult to
discern, so the grain outlines have been drawn on the figures as an
aide to the eye. The SEM images in Figs. 2 and 4 were good at par-
ticularly revealing the particles in the microstructure.
Fig. 1 presents the optical metallography of the as-cast Mg–X
alloys before hot rolling that provides an overview of the micro-
structure. Each Mg alloy contained different sizes of grains. The
microstructure was not homogeneous. The average grain size for
each Mg–X alloy was as follows: Mg5Gd 130 lm, Mg0.3Ca
100 lm, Mg6Al 70 lm, Mg1Mn 400 lm, Mg5Sn 150 lm, Mg0.1Sr
230 lm, Mg0.6Nd 850 lm, Mg0.7La 132 lm, Mg0.9Ce 450 lm,
Mg0.1Zr 470 lm, and Mg0.3Si 83 lm. The Mg5Sn contained many
obvious dendrites as shown in Fig. 1(e).
Fig. 2 presents the microstructure for the as-cast Mg–X alloy
using SEM to reveal the second phase particles: Fig. 2(a) for
Mg5Gd, Fig. 2(b) for Mg0.3Ca, Fig. 2(c) for Mg6Al, Fig. 2(d) for
Mg1Mn, Fig. 2(e) for Mg5Sn, Fig. 2(f) for Mg0.1Sr, Fig. 2(g) for
Mg0.6Nd, Fig. 2(h) for Mg0.7La, Fig. 2(i) for Mg0.9Ce, Fig. 2(j) for
Mg0.1Zr, and Fig. 2(k) for Mg0.3Si. Mg5Gd, Mg6Al, Mg5Sn,
Mg0.6Nd, Mg0.7La and Mg0.9Ce contained a considerable amount
of second phase particles. The second phase in Mg5Gd and Mg5Sn
seemed to be distributed along the grain boundaries. Mg0.3Ca,-73Mg0.1Mn, Mg0.1Zr and Mg0.3Si contained some second phase par-
ticles. Mg0.1Sr contained no obvious second phase particles, but
the grain boundaries were deeply etched.
Fig. 3 presents the optical metallography of the Mg–X speci-
mens after hot rolling. Each Mg alloy contained different sizes of
grains, but the grains were much smaller than for the correspond-
ing as-cast alloy. Also, the microstructure was more homogeneous
than for the corresponding as-cast alloy. There were twins in each
Mg specimen (except for Mg5Sn) as indicated by the arrows in
Fig. 3. The average grain size for each Mg–X alloy after hot rolling
was as follows: Mg5Gd 13 lm, Mg0.3Ca 18 lm, Mg6Al 16 lm,
Mg1Mn 9 lm, Mg5Sn 49 lm, Mg0.1Sr 17 lm, Mg0.6Nd 12 lm,
Mg0.7La 13 lm, Mg0.9Ce 23 lm, Mg0.1Zr 18 lm, and Mg0.3Si
15 lm.
Fig. 4 presents the microstructure as revealed by SEM for each
Mg–X alloy after hot rolling: Fig. 4(a) for Mg5Gd, Fig. 4(b) for
Mg0.3Ca, Fig. 4(c) for Mg6Al, Fig. 4(d) for Mg1Mn, Fig. 4(e) for
Mg5Sn, Fig. 4(f) for Mg0.1Sr, Fig. 4(g) for Mg0.6Nd, Fig. 4(h) for
Mg0.7La, Fig. 4(i) for Mg0.9Ce, Fig. 4(j) for Mg0.1Zr, and Fig. 4(k)
for Mg0.3Si. Mg5Gd, Mg1Mn, Mg5Sn, Mg0.6Nd, Mg0.7La and
Mg0.9Ce still contained considerable amounts of second phase par-
ticles, but less than the as-cast Mg–X alloys. Some second phase
particles for Mg1Mn, Mg0.7La and Mg0.9Ce were rolled into a line
as shown in Fig. 4(d), (h) and (i). Mg0.3Ca, Mg6Al, Mg0.1Sr,
Mg0.1Zr, Mg0.3Si contained some second phase particles. The sec-
ond phase of the hot-rolled Mg alloys was distributed more homo-
geneously in the matrix than for the as-cast Mg alloys.
3.2. Immersion test
Figs. 5a and 5b show the volume of evolved hydrogen for the
hot-rolled Mg–X alloys immersed for 7 d in the 3.5% NaCl solution
saturated with Mg(OH)2. For all the Mg–X alloys (except for one
specimen of Mg0.1Zr), the evolved hydrogen volume increased rel-
atively linearly with immersion time. For that Mg0.1Zr specimen,
the evolved hydrogen increased slowly in the first three days, the
rate increased more rapidly, and then decreased slightly during
the 7th day of the immersion test.
Figs. 6a and 6b show the corresponding instantaneous corrosion
rate, PH, evaluated from the instantaneous hydrogen evolution rate
using Eq. (1). The corrosion rate showed the same trends as did the
evolved hydrogen volume. For all the Mg–X alloys (except one
specimen of Mg0.1Zr), the corrosion rates was within a small
range. For that Mg0.1Zr specimen, the corrosion rate was in a small
range in the first three days, increased linearly in the following
three days, and decreased a small amount during the 7th day of
the immersion test.
Table 2 presents the data for weight loss, the corresponding
average corrosion rate, PW; and also the data for the average corro-
sion rate evaluated from the total evolved hydrogen, PAH. There
was good agreement between the repeat measurements. For each
specimen, the average corrosion rate measured from the total
evolved hydrogen, PAH, was lower than the average corrosion rate
measured from weight loss, PW. Fig. 7 shows the same information,
in which the straight line is for equal corrosion rates on the Y-axis
and the X-axis. The line drawn on the figure is an aide to the eye,
not a fit to the data. All the points were near or somewhat under
the line.
Fig. 8 presents the average values of the corrosion rate evalu-
ated from weight loss for hot-rolled and solution-heat-treated
Mg–X alloys cross-plotted against the corresponding corrosion rate
of the as-cast alloy. The corrosion data of as-cast and solution-
heat-treated Mg–X specimen are from our previous research
[8,10]. The testing condition was the same for all specimens:
namely immersion in 3.5% NaCl solution saturated with Mg(OH)2
at the open circuit potential for seven days. The straight line drawn-
Fig. 1. Optical metallography of as-cast etched Mg–X alloys.
Fig. 2. Typical surface appearance of as-cast etched Mg–X alloys as revealed by SEM.
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Fig. 3. Optical metallography of hot-rolled etched Mg–X alloys.
Fig. 4. Typical surface appearance of hot-rolled etched Mg–X as revealed by SEM.
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X-axis, as an aide to the eye, and is not a fit to the data.
Fig. 8 shows that the corrosion rate of all hot-rolled Mg–X alloys
was lower than the corrosion rate of the corresponding as-cast-75Mg–X alloy, except for Mg0.1Zr and Mg0.3Si. That is, the corrosion
rate of the as-cast alloys decreased after hot rolling. There was a
dramatic decrease of the corrosion rate for Mg5Gd, which
decreased from 58.5 mm y1 to 0.99 mm y1 after hot rolling. For-
Fig. 5a. Hydrogen evolution volume during immersion testing at the open circuit
potential (OCP) in the 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at
24 ± 1 C for hot-rolled Mg5Gd, Mg0.3Ca, Mg6Al, Mg1Mn, Mg5Sn and Mg0.1Sr
alloys.
Fig. 5b. Hydrogen evolution volume during immersion testing at the open circuit
potential (OCP) in the 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at
24 ± 1 C for hot-rolled Mg0.6Nd, Mg0.7La, Mg0.9Ce, Mg0.1Zr and Mg0.3Si alloys.
Fig. 6a. Corrosion rate PH during immersion testing at the open circuit potential
(OCP) in the 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 24 ± 1 C for
hot-rolled Mg5Gd, Mg0.3Ca, Mg6Al, Mg1Mn, Mg5Sn and Mg0.1Sr alloys.
Fig. 6b. Corrosion rate PH during immersion testing at the open circuit potential
(OCP) in the 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 24 ± 1 C for
hot-rolled Mg0.6Nd, Mg0.7La, Mg0.9Ce, Mg0.1Zr and Mg0.3Si alloys.
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nificantly. For Mg0.3Ca, Mg1Mn, Mg0.1Sr, Mg0.6Nd and Mg0.9Ce,
the corrosion rate decreased a little. For Mg0.1Zr, there was no
large difference but the corrosion rate was a bit higher after rolling.
However, for Mg0.3Si, the corrosion rate was significantly higher
after hot rolling.
Fig. 8 also allows a comparison of the corrosion rate between
the hot-rolled and solution-heat-treated Mg–X alloys. For Mg0.3Ca,
Mg6Al, Mg0.6Nd, Mg0.1Sr and Mg5Gd, the corrosion rate of the
hot-rolled alloy was significantly lower than that of the solution-
heat-treated alloy. The corrosion rate for hot-rolled Mg5Sn,
Mg0.9Ce, and Mg0.3Si was a bit smaller than that of the solu-
tion-heat-treated specimens. For Mg0.7La, the corrosion rate of
the solution-heat treated-specimens was somewhat smaller than
that of the hot-rolled specimens. Only for Mg1Mn was the corro-
sion rate of the solution-heat-treated specimens significantly
lower than that of the hot-rolled specimens.
3.3. Electrochemical measurements
Figs. 9a and 9b present the cathodic polarization curves mea-
sured after 24 h immersion in 3.5% NaCl solution saturated with-76-Mg(OH)2 at the open circuit potential (OCP) at 24 ± 1 C for repre-
sentative specimens. The measured polarization curves were cor-
rected for the iR drop during measurement. Table 3 presents the
curve fitting data using Tafel and LEV fitting. Mg5Sn had the high-
est corrosion potential, Ecorr, whilst Mg0.9Ce has the lowest corro-
sion potential. Table 3 also includes the values of the corrosion rate
evaluated from the polarization curves, Pi, for comparison with
PH,1d. PH,1d was evaluated from the hydrogen evolution rate from
the fishing-line specimens, not from the electrochemical speci-
mens. For all the Mg–X alloys except Mg0.3Si, PH,1d was similar
with Pi. For Mg0.3Si, PH,1d was larger than Pi. This was somewhat
different to our prior works which have found that Pi was always
less than PH,1d, when the two quantities were measured simulta-
neously using the same specimen. In the present study the speci-
men-to-specimen variability, and the fact that different
specimens were used for the measurement of the two quantities,
means that a detailed comparison was not possible.
3.4. Corrosion morphology
Fig. 10 presents the overview of the surface appearance after
immersion testing at the open circuit potential in the 3.5% NaCl
Table 2
Corrosion data for hot-rolled Mg–X alloys immersed at the open circuit potential (OCP) at 24 ± 1 C in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days.
Specimen Wb (g) Wa (g) A (cm2) Time (d) PW (mm y1) VH (mL cm2) PAH (mm y1)
Mg5Gd1 1.1312 1.1090 6.44 7 1.03 0.35 0.74
Mg5Gd2 1.3155 1.2928 7.26 7 0.94 0.28 0.59
Mg0.3Ca1 1.2390 1.2232 6.56 7 0.72 0.29 0.61
Mg0.3Ca2 0.7176 0.6983 4.55 7 1.27 0.48 1.01
Mg6Al1 1.3204 1.2799 6.87 7 1.77 0.81 1.68
Mg6Al2 0.8744 0.8550 5.52 7 1.05 0.49 1.02
Mg1Mn1 1.2594 1.2350 7.32 7 1.00 0.30 0.62
Mg1Mn2 1.5586 1.4683 8.13 7 3.33 0.75 1.56
Mg5Sn1 1.1796 1.1006 7.19 7 3.30 1.08 2.25
Mg5Sn2 1.4626 1.3775 8.77 7 2.91 0.96 2.01
Mg0.1Sr1 0.9577 0.8689 5.88 7 4.53 0.96 2.00
Mg0.1Sr2 1.0533 1.0013 7.07 7 2.21 0.66 1.38
Mg0.6Nd1 0.7482 0.6900 4.26 7 4.10 1.44 3.01
Mg0.6Nd2 0.7898 0.7380 4.58 7 3.39 1.09 2.28
Mg0.7La1 0.7062 0.6407 4.33 7 4.53 1.42 2.96
Mg0.7La2 0.7593 0.6923 4.73 7 4.25 1.37 2.87
Mg0.9Ce1 0.9635 0.8446 5.93 7 6.02 1.99 4.16
Mg0.9Ce2 1.2304 1.0626 7.48 7 6.73 2.28 4.76
Mg0.1Zr1 0.9088 0.5073 5.13 7 23.5 9.46 19.8
Mg0.1Zr2 0.7832 0.5302 5.14 7 14.8 6.76 14.1
Mg0.3Si1 1.0060 0.5983 5.60 7 21.8 9.96 20.8
Mg0.3Si2 1.2947 0.7911 7.30 7 20.7 9.60 20.1
Fig. 7. Comparison of the average corrosion rates evaluated from hydrogen
evolution and weight loss during immersion testing at the open circuit potential
(OCP) in the 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 24 ± 1 C for
hot-rolled Mg–X alloys.
Fig. 8. Comparison of the corrosion rate evaluated from weight loss during
immersion testing at the open circuit potential (OCP) in the 3.5% NaCl solution
saturated with Mg(OH)2 for 7 days at 24 ± 1 C for as-cast, hot-rolled and solution-
heat-treated Mg–X alloys: Mg5Gd, Mg0.3Ca, Mg6Al, Mg1Mn, Mg5Sn, Mg0.1Sr,
Mg0.6Nd, Mg0.7La, Mg0.9Ce, Mg0.1Zr and Mg0.3Si.
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and after removal of the corrosion products. For comparison,
Fig. 10 presents the surface appearance after corrosion of each
Mg alloy as-cast (first image), hot-rolled (second image), and solu-
tion-heat-treated (third image). The images after corrosion of the
as-cast and solution-heat-treated Mg–X alloys are from our previ-
ous research [8,10]. The as-cast and solution-heat-treated Mg–X
alloys (except as-cast Mg0.3Ca and solution-heat-treated Mg1Mn)
all suffered serious localized corrosion. The serious localized corro-
sion penetrated deeply into the alloy. The as-cast Mg0.3Ca and
solution-heat-treated Mg1Mn suffered uniform corrosion. The
hot rolled Mg–X alloys (except for Mg6Al and Mg0.3Si) suffered
relatively uniform corrosion. The corrosion spread over the whole
specimen, and did not penetrate deeply into the alloy. Hot-rolled
Mg6Al suffered localized corrosion, which did not penetrate deeply
into the matrix. For Mg0.3Si, the localized corrosion continued and
spread out over the whole specimen.
Figs. 11–21 present optical and SEM images of the corroded
specimen surfaces after immersion testing and after removal of-77the corrosion products. In each case there is a typical optical over-
view and SEM images for a typical relatively shallowly corroded
area and a typical relatively deeply corroded area.
Fig. 11 presents the corroded surface after the immersion test
for hot-rolled Mg5Gd. Fig. 11(a) shows that there was uniform cor-
rosion over the whole surface. Fig. 11(b) and (c) shows the rela-
tively shallow corroded areas and deeply corroded areas,
respectively. The second phase particles (small white particles)
were distributed homogeneously in the matrix as shown in
Fig. 11(b) and (c). There was no indication that the matrix around
the particles suffered more serious corrosion than other parts.
Fig. 11(c) shows that the deeply corroded area was nevertheless
fairly shallow.
Fig. 12 presents the corroded surface after the immersion test
for hot-rolled Mg0.3Ca. Fig. 12(a) shows that there was uniform
corrosion over the whole surface. There were some original areas
as shown in Fig. 12(b). In the center of these areas, there were
some pore-like features with second phase, which were also-
Mg5Gd
Mg0.3Ca
Mg6Al
Mg1Mn
Mg5Sn
Mg0.1Sr
Mg5Gd
Mg0.3Ca
Mg6Al
Mg1Mn
Mg5Sn
Mg0.1Sr
Fig. 9a. Cathodic polarization curves measured after 24 h immersion in the 3.5%
NaCl solution saturated with Mg(OH)2 at the open circuit potential (OCP) at
24 ± 1 C for hot-rolled Mg5Gd, Mg0.3Ca, Mg6Al, Mg1Mn, Mg5Sn and Mg0.1Sr
alloys.
Mg0.6Nd
Mg0.7La
Mg0.9Ce
Mg0.1Zr
Mg0.3Si
Mg0.6Nd
Mg0.7La
Mg0.9Ce
Mg0.1Zr
Mg0.3Si
Fig. 9b. Cathodic polarization measured after 24 h immersion in the 3.5% NaCl
solution saturated with Mg(OH)2 at the open circuit potential (OCP) at 24 ± 1 C for
hot-rolled Mg0.6Nd, Mg0.7La, Mg0.9Ce, Mg0.1Zr and Mg0.3Si alloys.
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corroded area was also relatively shallow.
Fig. 13 presents the corroded surface after the immersion test
for hot-rolled Mg6Al. Fig. 13(a) indicates localized corrosion. The
localized corrosion did not penetrate deeply into the alloy. The
remaining area of the specimen suffered little corrosion duringTable 3
Electrochemical data evaluated by Tafel extrapolation and the LEV method from polarizat
potential (OCP) at 24 ± 1 C in 3.5% NaCl solution saturated with Mg(OH)2 for 1 day. For com
from hydrogen evolution data using the fishing line specimens.
Specimen Ecorr Tafel fitting LEV fi
(VAg/AgCl sat KCl) bc
(mV decade1)
icorr
(lA cm2)
Pi (mm y1) ba
(mV
Mg5Gd 1.5877 205 25.7 0.59 59
Mg0.3Ca 1.5797 332 68.6 1.57 48
Mg6Al 1.5730 102 30.3 0.69 92
Mg1Mn 1.5412 220 44.6 1.02 162
Mg5Sn 1.5269 280 95.7 2.19 70
Mg0.1Sr 1.5596 253 57.9 1.32 52
Mg0.6Nd 1.5540 247 105 2.40 45
Mg0.7La 1.5717 234 52.9 1.21 27
Mg0.9Ce 1.6009 244 98.2 2.24 33
Mg0.1Zr 1.5799 219 332 7.59 149
Mg0.3Si 1.5774 226 500 11.4 131
-78-the immersion test as shown in Fig. 13(b). Some second phase par-
ticles were left in the matrix in the relatively seriously corroded
area as shown in Fig. 13(c).
Fig. 14 presents the corroded surface after the immersion test
for hot-rolled Mg1Mn. Fig. 14(a) and (b) indicate uniform corrosion
over the whole surface as shown. Fig. 14(c) shows some tiny parti-
cles distributed in the dot-like corroded area.
Fig. 15 presents the corroded surface after the immersion test
for hot-rolled Mg5Sn. There was uniform corrosion over the whole
surface as shown in Fig. 15(a). The corroded surface was smooth
and looked like there was a film covering it. However, the EDS
analysis showed that there were no other elements besides Mg
and Sn. Some second phase particles were distributed in the alloy
as shown in Fig. 15(b).
Fig. 16 presents the corroded surface after the immersion test
for hot-rolled Mg0.1Sr. There was uniform corrosion over the
whole surface as shown in Fig. 16(a). There were almost no second
phase particles in the alloy as shown in Fig. 16(b) and (c). Fig. 16(c)
shows that the deeply corroded area was corroded in a circular
pattern.
Fig. 17 presents the corroded surface after the immersion test
for hot-rolled Mg0.6Nd. There was relatively uniform corrosion
over the whole surface as shown in Fig. 17(a). There were several
original areas as shown in Fig. 17(b) that contained many second
phase particles in clusters, which were identified as Nd or Fe2Zr
clusters. Fig. 17(c) shows that the relative seriously corroded sur-
face was corroded in a circular pattern.
Fig. 18 presents the corroded surface after the immersion test
for hot-rolled Mg0.7La. The whole surface was corroded with some
small holes in the matrix as shown in Fig. 18(a). There were some
second phase particles in the less corroded area as shown in
Fig. 18(b). The seriously corroded area had layer-like features as
shown in Fig. 18(c).
Fig. 19 presents the corroded surface after the immersion test
for hot-rolled Mg0.9Ce. The whole surface was corroded with some
small holes in the surface as shown in Fig. 19(a). The relatively
slightly corroded area and seriously corroded area all showed
dot-like features as presented in Fig. 19(b) and (c).
Fig. 20 presents the corroded surface after the immersion test
for hot-rolled Mg0.1Zr. The whole surface was corroded. There
were still some original areas, which had suffered little corrosion
as shown in Fig. 20(b). Fig. 20(c) shows the areas which suffered
relatively serious corrosion.
Fig. 21 presents the corroded surface after the immersion test
for hot-rolled Mg0.3Si. This alloy suffered the most serious corro-
sion among all the hot-rolled Mg–X alloys. The whole surface
was corroded, and appeared like mountains and valleys as shownion curves for hot-rolled Mg–X alloys measured after immersion at the open circuit
parison, also given is the corresponding instantaneous corrosion rate, PH,1d, evaluated
tting
decade1)
bc
(mV decade1)
icorr
(lA cm2)
Pi (mm y1) PH,1d
(mm y1)
205 2.41 0.55 0.73
332 6.61 1.51 1.15
104 1.99 0.45 0.95
220 4.44 1.01 1.44
280 9.25 2.11 2.38
252 58.6 1.33 1.33
247 10.7 2.44 1.84
234 5.29 1.21 1.66
244 9.91 2.26 1.76
219 36.7 8.39 10.2
226 54.7 12.5 21.8
(k)
Fig. 10. Typical overview surface appearance after immersion testing at the open circuit potential (OCP) in the 3.5% NaCl solution saturated with Mg(OH)2 for 7 days for Mg–X
alloys: (a) Mg5Gd, (b) Mg0.3Ca, (c) Mg6Al, (d) Mg1Mn, (e) Mg5Sn, (f) Mg0.1Sr, (g) Mg0.6Nd, (h) Mg0.7La, (i) Mg0.9Ce, (j)Mg0.1Zr and (k)Mg0.3Si. Typical views are presented
for each Mg alloy in the following conditions: as-cast (the first image), hot-rolled (the second image), and solution-heat-treated (the third image).
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areas, which had suffered little corrosion as shown in Fig. 21(b).
Fig. 21(c) shows the images of the valley areas which had suffered
relatively serious corrosion.4. Discussion
4.1. Microstructure
Figs. 1 and 3 show the optical metallography of the Mg–X alloys
before (i.e. as-cast) and after hot-rolling, respectively. For all the-79Mg–X alloys, the grain size was reduced significantly after hot roll-
ing, due to recrystallization before or during hot rolling. Although
both as-cast and hot-rolled Mg–X alloy contained grains of differ-
ent sizes, the microstructure of the hot-rolled Mg–X alloy was
more homogeneous than that of the as-cast Mg–X alloy. There
were twins in the microstructure of all Mg–X alloys except Mg5Sn
after hot-rolling as indicated by arrows in Fig. 3.
Figs. 2 and 4 show the typical surface appearance of the Mg–X
alloys before and after hot rolling, using SEM. The continuous sec-
ond phase distributed along the grain boundary in the as-cast
Mg5Gd (Fig. 2(a)) and as-cast Mg5Sn (Fig. 2(e)) was dissolved,
and there were many tiny particles in the matrix after hot-rolling-
Fig. 11. Surface appearance after the immersion test for hot-rolled Mg5Gd (a) optical image (OP); (b) back scattered electron (BSE) image, (c) secondary electron (SE) image.
Fig. 12. Surface appearance after the immersion test for hot-rolled Mg0.3Ca: (a) OP; (b) SE; (c) SE.
Fig. 13. Surface appearance after the immersion test for hot-rolled Mg6Al: (a) OP; (b) SE; (c) SE.
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Fig. 14. Surface appearance after the immersion test for hot-rolled Mg1Mn: (a) OP; (b) SE; (c) SE.
Fig. 15. Surface appearance after the immersion test for hot-rolled Mg5Sn: (a) OP; (b) SE.
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Mg0.6Nd, Mg0.7La and Mg0.9Ce were also dissolved or broken into
particles after hot rolling. This change was attributed to the heat
treatment before hot rolling and recrystallization during or after
hot rolling. After hot rolling, there were fewer, smaller second
phase particles.4.2. Corrosion rate
Table 2 and Fig. 7 show that the average corrosion rate evalu-
ated from the total evolved hydrogen, PAH, was equal to or less than
the average corrosion rate measured with weight loss, PW, which
was consistent with our previous research [7,8,10]. This was
attributed to (i) some hydrogen dissolved into the Mg specimen
during the immersion test; (ii) some second phase particles
dropped out during the immersion test, or were removed together
with the corrosion product, as some black particles were always-81found associated with the corrosion product on the bottom of
the beaker during the immersion test.
Table 3 presents the electrochemical data from the polarization
curves. There was no obvious relationship between the corrosion
rate and corrosion potential, Ecorr, for the Mg–X alloys. Mg5Sn
had the highest Ecorr, whilst Mg0.9Ce had the lowest corrosion Ecorr.
This did not agree with the conventional perception that the more
negative Ecorr, the less noble the material, and the higher expected
corrosion rate. Table 3 also presents the values of corrosion rate
evaluated from the polarization curves, Pi, for comparison with
PH,1d. For these Mg–X alloys, Pi shows a similar trend with PH,1d,
which indicated a good correlation between the results from the
immersion test and the potentio-dynamic polarization measure-
ment. As already mentioned, our prior research [7–10] has found
that Pi was always less than PH, when a direct comparison was pos-
sible because of the measurements were made on the same speci-
men. The present research used different specimens for the two
types of measurement and a detailed comparison was not possible.-
Fig. 16. Surface appearance after the immersion test for hot-rolled Mg0.1Sr: (a) OP; (b) SE; (c) SE.
Fig. 17. Surface appearance after the immersion test for hot-rolled Mg0.6Nd: (a) OP; (b) SE; (c) SE.
Fig. 18. Surface appearance after the immersion test for hot-rolled Mg0.7La: (a) OP; (b) SE; (c) SE.
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Fig. 19. Surface appearance after the immersion test for hot-rolled Mg0.9Ce: (a) OP; (b). SE; (c) SE.
Fig. 20. Surface appearance after the immersion test for hot-rolled Mg0.1Zr: (a) OP; (b) SE; (c) SE.
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Fig. 8 indicates that the corrosion rate of each Mg–X alloy after
hot rolling was different from that before hot rolling in the as-cast
condition. For Mg5Gd, Mg5Al, Mg5Sn and Mg0.7La, the corrosion
rate decreased significantly. For Mg0.3Ca, Mg1Mn, Mg0.1Sr,
Mg0.6Nd and Mg0.9Ce, the corrosion rate decreased a small
amount.
In contrast, the corrosion rate for Mg0.1Zr after hot rolling
increased a small amount. For Mg0.3Si, the corrosion rate
increased significantly after hot rolling.
This indicates that the influence of hot rolling on the corrosion
behavior was determined by the type of Mg alloy.
4.4. Gd, Al, Sn, La, Ca, Mn, Sr, Nd and Ce
The decrease in the corrosion rate by hot rolling for Mg5Gd,
Mg5Al, Mg5Sn, Mg0.7La, Mg0.3Ca, Mg1Mn, Mg0.1Sr, Mg0.6Nd-83and Mg0.9Ce was attributed to (i) the grain refinement, (ii) to
the presence of fewer, smaller, second-phase particles, and (iii)
lack of sensitivity to the precipitation of Fe-rich particles during
heat-treatment and hot-rolling.
Although there is reported research that suggests that grain
refinement can decrease the corrosion rate as reviewed in the
Introduction section, only a few publications tried to explain the
mechanism [20–22]. Aung and Zhou [20] proposed that the grain
boundary acted as a physical corrosion barrier, and a smaller grain
size led to better corrosion resistance. This proposal contradicts the
fact that grain boundaries are preferentially corroded during etch-
ing in order to observe the grain size. Song and Xu [21,22] indi-
cated that the grain boundary is a type of crystallographic defect,
and is preferentially attacked by corrosion. They proposed that
the grain boundary dissolved more impurities and solutes than
the grain bulk. It is well accepted that some impurities and solutes
act as effective cathodes, and accelerate the corrosion rate signifi-
cantly when they precipitated from the matrix [22,25,35]. More-
Fig. 21. Surface appearance after the immersion test for hot-rolled Mg0.3Si: (a) OP; (b) SE; (c) SE.
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cipitated in the matrix. Therefore, the corrosion resistance can be
improved after grain refinement. This small particle model has
recently been confirmed by the influence of heat-treatment on cor-
rosion behavior of hot-rolled AZ31B [36].
In addition, there is the influence of fewer, smaller second phase
particles. Our previous research [8,10] indicated that some second-
phase and impurity particles caused micro-galvanic corrosion in
the as-cast and solution-heat-treated conditions, and led to serious
localized corrosion. The localized corrosion dominated the corro-
sion of the specimen, and the localized corrosion penetrated deeply
into the matrix. Fig. 10 and Figs. 11–21 show that the corrosion of
Mg–X alloys (Mg5Gd, Mg1Mn, Mg5Sn, Mg0.1Sr, Mg0.6Nd,
Mg0.7La, Mg0.9Ce and Mg0.1Zr) changed from serious localized
corrosion to uniform corrosion after hot-rolling. This can be attrib-
uted to a decrease in localized corrosion initiations caused by par-
ticles. Fig. 2 and 4 indicates that for Mg5Gd, Mg6Al, Mg5Sn,
Mg0.6Nd, Mg0.7La and Mg0.9Ce, the amount of second phase
decreased. The decrease in number and size of second phase parti-
cles is attributed to the heat-treatment associated with the hot
rolling, and the grain refinement is attributed to the recrystalliza-
tion during the hot working.
Figs. 11b and 15b show that there were some small particles
distributed in the matrix for Mg5Gd and Mg5Sn after the immer-
sion test. There was no indication that these particles accelerated
the corrosion of the surrounding matrix. In this study, Figs. 1–4
indicate that Mg–X alloys had a more homogeneous microstruc-
ture with small grains after hot rolling, and few, smaller second-
phase particles. As a result, the Mg–X alloys underwent uniform
corrosion, or slightly localized corrosion, rather than serious local-
ized corrosion, which penetrated deeply into the matrix. In other
words, grain refinement by hot rolling homogenized the micro-
structure, which stopped the initiation of serious localized corro-
sion. Usually once the serious localized corrosion had initiated,
the large volume of evolved hydrogen could easily break the integ-
rity and compactness of the partly-protective surface film. So
corrosion in these parts continued unimpeded, and could be accel-
erated by the micro-galvanic effect with the film covered areas
[11]. According to the galvanic corrosion theory [37], when a sur-
face resistance is enhanced by a covered film, the galvanic effect
zone becomes larger, which means that the anodic dissolution
can be accelerated by cathodes far away. Hence, the small particles-84-shown in Figs. 11(b) and 15(b) may not lead to adjacent corrosion
damage, but could cause severe corrosion outside the scope of
these photos. This might be the reason for that there was no seri-
ous corrosion around the particles in Figs. 11(b) and 15(b).
Furthermore, specimens with fine grains after hot rolling may
have more coherent, robust and protective films than the speci-
mens with coarse grains before hot rolling.
4.5. Zr and Si
Unlike the other Mg–X alloys, the corrosion rates of Mg0.1Zr
and Mg0.3Si increased from 17.3 mm y1 and 8.6 mm y1 to
19.1 mm y1 and 21.3 mm y1, despite the fact that their grain
sizes decreased after hot rolling from 470 lm and 83 lm to
18 lm and 15 lm, respectively. There could be a number of possi-
ble causes.
One possibility is a greater sensitivity to the precipitation of Fe-
rich particles during heat treatment or hot rolling [25,26,38]. These
particles can cause serious corrosion, and could break the partly-
protective surface film during the immersion test. As a result, the
whole specimen could suffer substantial corrosion. These impurity
particles played the same role in the solution-heat-treated speci-
men of Mg0.1Zr and Mg0.3Si [8]. Therefore, the corrosion rates of
the hot-rolled and solution-heat-treated specimens for Mg0.1Zr
and Mg0.3Si were similar as shown in Fig. 8. However, the cor-
roded surfaces of hot-rolled Mg0.1Zr and Mg0.3Si shown in Figs. 20
and 21 had some differences from those of solution-heat-treated
Mg0.1Zr and Mg0.3Si shown in [8].
Another possible reason is that the hot rolling introduced some
defects (such as micro-cracks). The defects broke the protective
film and activated the corrosion of the surface of the specimen,
which was consistent with the prior research [23,24]. Cao et al. also
found [39] that the corrosion rate of solution-heat-treated Mg0.1Si
was increased in the presence of the defects such as casting
porosity.
Song compared the contributions of grain refinement and defect
increment on the corrosion of AZ31, and concluded that after the
amounts of tiny particles have become low, grain refinement
becomes a dominating factor accelerating the corrosion [36]. In
this study, Mg0.1Zr and Mg0.3Si had fewer particles than the other
alloys. Their corrosion was possibly accelerated by grain refine-
ment according to the theory of Song [36].
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Besides the influence of grain refinement, impurities, second
phases, and defects on the corrosion behavior of Mg–X alloys after
hot rolling, Aung and Zhou [20] suggested that the presence of
twins produced during hot rolling could decreased the corrosion
resistance of Mg–X alloys. However, the present study found that
the influence of twins on the corrosion behavior was limited. There
was no obvious evidence on the corroded surface that twins played
a significant role on the corrosion behavior. This was consistent
with prior research [21,40].
4.7. Cleaning solution
After the immersion test, the specimens were immersed in a
chromic acid cleaning solution containing a CrO3 concentration
of 200 g L1 and a AgNO3 concentration of 2 g L1 to remove the
corrosion products. This cleaning solution has been widely used
to remove corrosion products from Mg and Mg alloys, and is effec-
tive in removing all corrosion products without removing any Mg
metal. This was documented in the Appendix in each of our recent
papers [7,8,10]. The surfaces of all those alloys were examined
after removal of the corrosion products, as well as all the alloys
in the present research. No Ag particles were observed on the sur-
faces. However, in a few cases AgCl particles were observed, and
reported, in serious localized corrosion cavities.
This solution has been around for a long time, and it appears
that there is no report on the reason for the use of AgNO3 in the
solution. It appears that the AgNO3 is in the solution to prevent
the presence of chloride ions causing localized corrosion during
the removal of corrosion products. Residual chloride ions in the
corrosion products are expected to be precipitated as AgCl during
the cleaning operation, consistent with the rare observation of AgCl
particles in seriously corroded cavities.5. Conclusions
1. Hot rolling homogenized the microstructure of the Mg–X alloys,
reduced the grain size significantly, and there were fewer, smal-
ler second phase particles.
2. The average corrosion rate measured with weight loss, PW, was
somewhat larger than the corrosion rate evaluated from the
total evolved hydrogen, PAH, which was attributed to: (i) some
hydrogen dissolved into the Mg specimen during the immer-
sion test; and (ii) some second phase particles dropped out dur-
ing the immersion test, or were removed together with the
corrosion product.
3. The influence of hot rolling on corrosion behavior was related to
the type of Mg alloy.
4. The corrosion rate decreased after hot rolling for Mg5Gd,
Mg5Al, Mg5Sn, Mg0.7La, Mg0.3Ca, Mg1Mn, Mg0.1Sr, Mg0.6Nd
and Mg0.9Ce, attributed to the grain refinement and the pres-
ence of fewer, smaller, second phase particles.
5. For Mg0.1Zr and Mg0.3Si, the corrosion rate increased after hot
rolling. There were a number of possible reasons, one of which
was a greater sensitivity to the precipitation of deleterious Fe-
rich particles.
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The influence of casting porosity on the corrosion behaviour of Mg0.1Si was investigated for immersion in
3.5% NaCl solution saturated with Mg(OH)2. The corrosion behaviour was characterised using (i) hydro-
gen evolution, (ii) weight loss, (iii) cathodic polarisation curves, (iv) electrochemical impedance spectros-
copy (EIS), and (v) an examination of the corroded surfaces. Specimens with porosity had higher
corrosion rates attributed to the corrosion associated with the pores activating significant corrosion over
the whole specimen surface, wherein important aspects were (i) the breakdown of a partly protective
surface film, and (ii) micro-galvanic acceleration of the corrosion by Fe-rich particles.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
1.1. Factors influencing Mg corrosion
Magnesium (Mg) has the lowest density of all engineering met-
als. The high strength to weight ratio makes magnesium alloys
interesting for transport applications, where weight reduction
and energy savings are desirable in our low carbon era. However,
the poor corrosion resistance of Mg alloy limits their service
applications [1–11]. A better understanding of their corrosion
mechanism, and of the factors influencing their corrosion behav-
iour, is expected to lead to more corrosion resistant Mg alloys.
The presence of the impurity elements (Fe, Cu, Ni and Co) in the
form of small precipitates in the Mg alloy matrix is one important
factor that significantly increases the corrosion rate of Mg alloys. A
small concentration of these impurity elements in the Mg alloy
above their tolerance limit increases the corrosion rate
dramatically [7,8,12–16]. Each of these impurity elements has a
low tolerance limit because of a low solubility in the Mg matrix.
For example, Fe has a tolerance limit in pure heat-treated Mg
1–2 ppm [14]. Micro-particles precipitate for concentrations
above the solubility limit. These precipitates cause significant
micro-galvanic corrosion. Fe is also of significant concern as Fe iseasily picked up onto a Mg semi-finish product from production
and processing routes using steel containers or steel tools
[16,17]. Much research has been carried out to understand the
mechanism of the Fe influence, and how to remove or control the
deleterious Fe impurity [4,12–18].
The amount and type of second phase, heat treatment, and the
corrosion environment [1,6–8,19–29] are other important factors
that influence the corrosion rate of Mg alloys. For example, Song
et al. [29] and Zhao et al. [25] studied the influence of the b-phase,
and found that the b-phase increased the corrosion rate due to
micro-galvanic acceleration, unless the b-phase was distributed
continuously and acted as a barrier. Similar acceleration of the cor-
rosion rate by second phases was also shown by Birbilis et al. [27].
Heat treatment can lead to the precipitation of a Fe-rich phase
from the Mg matrix, increasing the corrosion rate significantly
[14], thereby converting high-purity Mg into low-purity Mg
[19,28]. Regarding the environment, much useful information is
available in the review by Song and Atrens [8] which indicated that
(i) atmospheric corrosion of Mg alloys is slow, typically only super-
ficial, and typically slower that the corrosion of mild steel and
some Al alloys; (ii) corrosion by pure water is slow; and (iii) corro-
sion is slow in basic solutions, but is typically high in neutral and
acidic solutions. Zhao et al. [26] found that the corrosion rate
increased in aqueous solutions with increasing chloride ion con-
centration and decreasing pH.
Alloying elements typically increase the corrosion rate of Mg
alloys, so that the corrosion rate of Mg alloys is greater than that
256 F. Cao et al. / Corrosion Science 94 (2015) 255–269of high-purity Mg, as was summarised by the recent reviews of this
aspect in Cao et al. [4] and Shi et al. [5], because Mg alloys are typ-
ically two phase, and the second phase increases the corrosion rate
by galvanic acceleration of the corrosion of theMgmatrix [1,6,7,30].
In marked contrast, Schlüter et al. [31] showed that Mg alloys
containing considerable amounts of Y or Gd in solid solution had
corrosion rates comparable with those of high-purity Mg. The only
known exception to the general trend of Mg alloys having a corro-
sion rate lower than that of high-purity Mg is the alloy Mg–As [32].
Surface films were shown to be an important part of the Mg
corrosion mechanism for Mg corroding in chloride and sulphate
solutions [33–36].
Recently Si has attracted attention as an alloying element in Mg
alloys, because Si can improve the high-temperature properties of
Mg [37]. Moreover, Si plays an important role in aiding the healing
process in the body, and in helping to build up the immune system
[38]. Therefore, Mg–Si alloys have been considered to be potential
biodegradable bone implant materials [39].
The influence of processing defects on the corrosion behaviour
of Mg alloys has however received less attention. Defects, such as
porosity or minor cracks, can be produced during the casting of
Mg parts. Such defects can cause serious reduction of the load car-
rying capability, because of the reduction of the cross-section area,
and the concentration of stress. These defects can also increase the
sensitivity to stress corrosion cracking of Mg alloys [40,41]. The
influence of casting porosity was considered by Song et al.
[29,42]. They argued that casting porosity may increase the
corrosion rate in the following ways: (i) the real surface area
may be significantly larger than the exposed geometric surface
area because of the extra surface area of the internals of the poros-
ity; (ii) the corrosion inside the pores may increase significantly by
an auto-catalytic process because of the limited interchange of the
solution inside the pores with that outside the pores; and (iii) cast-
ing porosity is typically associated with the last material to solidify
meaning that this material is expected to have a much higher cor-
rosion rate because it has a higher concentration of Fe-rich precip-
itates and other segregants. Furthermore, Shi and Atrens [20]
showed that crevice corrosion could significantly increase the cor-
rosion rate of Mg, despite the fact that crevice corrosion was
thought not to operate for Mg alloys [6,8].1.2. Mg corrosion mechanism
The Mg corrosion mechanism has a number of seemingly
strange aspects. Two of the most important aspects are: (i) the
apparent valence of Mg during corrosion is less than 2.0, and is
often less than 1.0 [1–8,43,44]; and (ii) the rate of hydrogen evolu-
tion increases with anodic polarisation, whereas the rate of hydro-
gen evolution would be expected to decrease with anodic
polarisation if hydrogen were only evolved as the cathodic reac-
tion, and there were no change of the Mg surface [1–8].
Song and co-workers [1,2,6,8,30,45] have proposed that the
experimental observations are consistent with a corrosion mecha-
nism involving the uni-positive ion Mg+ as an extremely-reactive
intermediate in the corrosion sequence between metallic Mg and
the ion, Mg2+, that is stable in aqueous solution. A perceived short-
coming of this approach is the lack of any observation of Mg+ ions
in aqueous solutions [2]. However, Mg+ is common as MgH in stars,
and possibly in the interstellar medium [46]. Furthermore, studies
in low-pressure gas have indicated that Mg+ is extremely reactive
in the presence of even a few water molecules, with which there is
a spontaneous reaction within micro-seconds [47,48]. This is con-
sistent with the model proposed by Song and co-workers
[1,2,6,8,30,45] that Mg+ is an extremely reactive intermediate that
can react with water to liberate hydrogen.-90More recently Frankel et al. [49] have proposed an explanation
for the experimental observations (ii) based on anodic dissolution
causing enhanced kinetics of the cathodic reaction of hydrogen
evolution because of an increase in the exchange current density
of the hydrogen evolution reaction on the Mg surface on anodic
polarisation. There have been a number of works, which have
expressed support [50–54]. It is indeed well known that the corro-
sion rate of low-purity Mg, and many Mg alloys, increases with the
extent of corrosion, and thereby there is an increase in the speed of
the cathodic reaction [4,5,14,21,24,25,28,55–57]. What is new in
these more recent works [50–54] is the claim that this enhanced
cathodic reaction provides a full description of the Mg corrosion
mechanism. No consideration is given to the experimental mea-
surements of low apparent valence for Mg. It is also worth stress-
ing that the corrosion rate of high-purity Mg is constant with
immersion time in chloride solutions, and there is no enhancement
of cathode kinetics [3,20,31,55]. Furthermore, there has been no
attempt to test the key assumption that the exchange current den-
sity of the hydrogen evolution reaction on the Mg surface increases
on anodic polarisation.1.3. Measurement of Mg corrosion
Weight loss, hydrogen gas collection, polarisation curves and
electrochemical impedance spectroscopy have been widely used
to study Mg corrosion, and to measure the corrosion rate
[6,7,21,33,34,58]. Potentiodynamic polarisation curves may pro-
vide significant kinetic information, and may be the only method
which can reveal the relative anodic and cathodic contributions
to the corrosion rate [59]. However, it is well known that Tafel
extrapolation of polarisation curves has often not provided
corrosion rates in agreement with those measured by weight loss
or hydrogen evolution [6,60]. EIS has also been to evaluate the cor-
rosion rate of Mg [3–5,28,33,58,59] and can provide significant
information on the film development on the surface of Mg during
corrosion [3–5].
King et al. [59] provide useful guidance for the use of electro-
chemical impedance spectra in the evaluation of the corrosion rate
of Mg alloys, using polarisation resistance, RP. They indicated that
the polarisation resistance, RP, should be evaluated as the fre-
quency approaches zero by an extrapolation of the impedance
data, designated herein as RP,0, based on the experimental work
of Lorenz and Mansfeld [61]. Lorenz and Mansfeld [61] showed
that, for Fe corrosion, there was good agreement between the cor-
rosion rates (i) evaluated from the amount of Fe ions dissolved into
the solution, (ii) RP,0 from EIS, (iii) RP,LF from EIS (i.e. RP evaluated as
the real part of the impedance at the lowest frequency measured),
and (iv) from polarisation curves.
The present research (i) investigated the influence of defects
(especially casting porosity) on the corrosion behaviour of solution
heat-treated Mg0.1Si, (ii) explored the generality that the Mg cor-
rosion mechanism can be explained by a mechanism based solely
on enhanced cathode kinetics caused by anodic dissolution, and
(iii) explored the use of EIS to understand the role of the partly pro-
tective film on the Mg surface during corrosion.2. Experimental methods
2.1. Materials and specimens
The Mg0.1Si alloy was prepared as in our recent research
[4,5,18]. Clean high-purity Mg pieces were melted in an aluminium
titanate crucible, the appropriate amount of commercial purity Si
was added, followed by the addition of 150 ppm Zr in order to pur-
ify the melt. The melt was allowed to stand for an hour at 670 C to-
F. Cao et al. / Corrosion Science 94 (2015) 255–269 257allow the Zr to combine with the Fe dissolved in the molten Mg,
and for the Fe2Zr particles to settle down to the bottom of the melt.
The top part of the molten Mg0.1Si was cast into round steel
moulds of diameter of 12 mm, and the rod shaped ingots were
allowed to cool to room temperature. Pieces of Mg0.1Si rods were
solution heat-treated by (i) heating to 400 C for 6 h, and to 580 C
for 42 h, and (ii) quenching into cold water. The outside surface of
the Mg0.1Si ingot was removed, and the rod was cut into speci-
mens. Specimens that contained defects (as relatively large pores)
were designated ‘LH’, those that contained relatively small pores
were designated as ‘SH’, and those with no defects on the surface
were designated as ‘NH’.
Table 1 presents the chemical composition of pieces from four
typical Mg0.1Si specimens (two LH specimens and two NH speci-
mens) as determined by optical emission spectroscopy (ICP-OES)
by the Analytical Services Unit at the School of Agriculture and
Food Sciences, The University of Queensland. The Mg0.1Si alloy
would be considered to be high-purity as a casting because the
Fe content is below the tolerance limit for a Mg casting, but was
not high-purity after solution heat treatment, because the toler-
ance limit for heat-treated Mg is 1 ppm Fe [14].
This research used 8 specimens: four LH specimens, two SH
specimens, and two NH specimens. These were ground with a suc-
cession of SiC papers, polished to 0.25 lm, and characterised using
a JEOL JSM-6460LA Scanning Electron Microscope (SEM). They
were mounted in epoxy resin with only one side of 3 cm2
exposed, lightly polished, etched and the microstructure was ana-
lysed using an optical microscope. The etching solution contained
1 mL HNO3, 20 mL acetic acid, 20 mL H2O, made up to 100 mL
using ethanol. The specimens were again lightly ground using
2000 SiC paper, washed, dried with warm air, kept in a desiccator
for two days, and weighed. An overview image was taken using
optical microscopy immediately before immersion testing.
After the immersion test, the corrosion products were removed
by specimen immersion for 10 min in a chromic acid cleaning solu-
tion containing a CrO3 concentration of 200 g L1 and a AgNO3 con-
centration of 2 g L1. Prior research has indicated that this solution
removes all the corrosion products but removes no measurable Mg
metal [4,5]. The specimens were washed, dried with warm air, kept
in a desiccator for two days, and weighed. An overview image was
taken using an optical microscope. The surface of each corroded
specimen was analysed using SEM after extraction of the specimen
from the epoxy mount.2.2. Immersion tests
The immersion tests were carried out using a 3.5% NaCl solution
saturated with Mg(OH)2, which was made by dissolving the appro-
priate amount of NaCl in distilled water, and adding an excess of
Mg(OH)2 as powder. Reagent grade chemicals were used. The tem-
perature was 24 ± 1 C, maintained constant by the room air condi-
tioner. The immersion duration was 7 days.
A typical three-electrode cell was used as described by Shi and
Atrens [20], with the mounted specimen as the working electrode.
This arrangement allowed simultaneous evaluation of corrosionTable 1
Chemical composition of solution heat-treated Mg0.1Si specimens with and without defec
Sample Si Al Ca Co Cr Cu Fe G
LH-a 754 46 18 28 21 24 30 1
LH-b 659 48 16 6 11 26 18 1
NH-a 300 45 37 1 27 21 32 1
NH-b 654 49 13 1 2 23 20 1
-91-behaviour during the immersion test using electrochemical meth-
ods and from the evolved hydrogen. The evolved hydrogen was
collected into a burette by a funnel above the specimen. The refer-
ence electrode (Ag/AgCl/Sat KCl) and the counter electrode (a Pt
mesh 5 mm  10 mm) were positioned vertically at the edge of
the funnel. EIS were measured every day during the immersion
test. Cathodic polarisation curves were measured 5 h after starting
the immersion test, and at the end of the test. Weight loss was
evaluated after the end of the immersion test.
The volume of evolved hydrogen, VH (mL cm2), was measured
at 24 ± 1 C. The amount of hydrogen evolved during the measure-
ment of the cathodic polarisation curves was subtracted from the
volume of the evolved hydrogen. The corrosion rate, PH (mm y1),
was evaluated from the hydrogen evolution rate, _VH (mL cm2 d1)
(the slope of the curve of the volume of evolved hydrogen versus
time), using [20,28]:
PH ¼ 2:088 _VH ð1Þ
The average corrosion rate, PAH (mm y1), was evaluated using
Eq. (1) from the total volume of hydrogen evolved for the total
immersion time.
Each specimen was dried and weighed before and after the
immersion test, to give the specimen metallic weight loss, DW
(mg). The corrosion rate, PW (mm y1) was determined from
[20,25,60,62]:
PW ¼ 2:10DWAt ð2Þ
where A (cm2) was the exposed surface area of the specimen, and t
(day) was the immersion duration.
2.3. Electrochemical measurements
Electrochemical impedance spectra (EIS) were measured daily
in the frequency range from 100 kHz to 10 mHz, with an AC ampli-
tude of 8 mV, using a PARSTAT 2273 advanced electrochemical sys-
tem, using the three electrode cell as described above. The
specimen was immersed in the a 3.5% NaCl solution saturated with
Mg(OH)2 at the open circuit potential (OCP) until the time for the
EIS measurement. During each EIS measurement, the potentiostat
kept the potential constant at the OCP at the start of the measure-
ment. After each EIS measurement, the specimen freely corroded at
the OCP until the next EIS measurement. The OCP at each EIS mea-
surement was recorded, allowing plotting of the OCP with immer-
sion time.
The polarisation resistance, RP (X cm2), was measured as the
resistance at the lowest frequency, and fitted using the software
of ZView-3.0 (by Scribe Associates, Inc., USA), and so is equivalent
to RP,LF in the notation introduced above. (Note, this evaluation of
RP did not include the solution resistance Rs [62]). The corrosion
current density, icorr/EIS (mA cm2) was obtained from RP and the
slopes of the polarisation curve, using [62–64]:
icorr ¼ bcba2:3RPðbc  baÞ
¼ B
RP
ð3Þts, in wt ppm.
e Mn Ni Pb Sn Sr W Zn Zr
303 64 4 21 2 8 50 15
346 23 3 14 1 2 47 6
313 55 9 18 2 5 46 4
295 26 2 11 1 4 43 3
258 F. Cao et al. / Corrosion Science 94 (2015) 255–269where bc is the slope of the cathodic polarisation curve, and ba is the
slope of the anodic polarisation curve. The values of bc and ba were
evaluated from the measured polarisation curves, which had been
corrected for iR drop during measurement (where i is the current
density and R is the resistance between the specimen and the tip
of the reference electrode).
Cathodic polarisation curves were measured in the range from
Ecorr + 30 mV to Ecorr  300 mV at a scan rate of 10 mVmin1, at
5 h after starting the immersion test, and at the end of the immer-
sion test. Both Tafel extrapolation and the Levenburg–Marquardt
(LEV) [20,65–67] method were used to evaluate the corrosion cur-
rent density, icorr (mA cm2) using the software of CorrView-3.0 (by
Scribe Associates, Inc., USA). The Levenburg–Marquardt (LEV)
method fitted the measured curve using the following equation:
i ¼ icorr 10
EEcorr
ba  10EEcorrbc
 
ð4Þ
and provided best fit values of icorr, bc and ba.
The instantaneous corrosion rate, Pi (mm y1), was determined
from the corrosion current density, icorr (mA cm2) or icorr/EIS
(mA cm2) using [20,25,62]:
Pi ¼ 22:85icorr ð5ÞFig. 1. Optical metallography of typical Mg0.1Si specimens.3. Results
3.1. Microstructure
Fig. 1 presents an overview of typical specimens as documented
by optical microscopy before the immersion test of the solution
heat-treated Mg0.1Si specimens. LH and SH specimens contained
obvious pores at the surface. The surface area of the pores was esti-
mated to be 1.1 mm2 for LH-1, 0.4 mm2 for LH-2, 1.0 mm2 for LH-3,
1.0 mm2 for LH-4, 0.1 mm2 for SH-1, and 0.1 mm2 for SH-2. NH
specimens had a smooth surface with no pores or cracks.
Fig. 2 presents typical SEM images of typical surface features.
These images were obtained using secondary electrons. Fig. 2(a)–
(c) shows the appearance of LH-1. Fig. 2(a) and (c) indicates that
the interior surface of the porosity was smooth, and there was
some Mg(OH)2 on the surface. Fig. 2(a) and (b) shows that some
second phase particles were distributed along the dendrite bound-
aries and sub-grain boundaries. The phase was tentatively identi-
fied as Mg2Si, because Energy Dispersive Spectroscopy (EDS)
analysis of the second phase indicated a significant amount of Si.
Fig. 3 presents typical optical micrographs after etching. The
second phase was distributed along the dendrite boundaries and
sub-grain boundaries. There was no obvious difference between
grains near the pores and those some distance away. There was
some propensity for the porosity to occur at the dendrite
boundaries.
3.2. Hydrogen evolution and weight loss
Fig. 4 presents the volume of evolved hydrogen for each speci-
men immersed for 7 days at the open circuit potential (OCP) in the
3.5% NaCl solution saturated with Mg(OH)2. The LH specimens
evolved the largest amount of hydrogen during the immersion test,
and moreover the hydrogen evolution increased in rate with
immersion time. For LH-1, LH-2 and LH-3 specimens, the evolved
hydrogen volume increased rapidly in the first 4 days and then
increased approximately linearly with the immersion time. In con-
trast, for LH-4, the initial evolved hydrogen volume was relatively
small in the first 3 days, increased rapidly during the 4th to 6th
day, and reached a steady state evolution rate. The SH specimens
evolved a medium amount of hydrogen. For SH-1, the evolved-92hydrogen volume increased slowly in the first 4 days, and the rate
increased more rapidly during the rest of the immersion test. For
SH-2 the evolved hydrogen volume increased increasingly rapidly
with immersion time. The NH specimens evolved the smallest
amount of hydrogen. The evolved hydrogen of NH-1 increased lin-
early with immersion time during the first 5 days, and then the
hydrogen evolution rate increased rapidly during the remainder
of the immersion time. For NH-2, the evolved hydrogen volume
increased linearly with immersion time for the whole test, and
the total volume of evolved hydrogen was low.-
Fig. 2. Typical surface appearance of the Mg0.1Si specimens using SEM: (a)–(c) LH-1.
100   mµ
Fig. 3. Typical optical micrographs of Mg0.1Si specimens after etching: (a) LH-3
and (b) NH-2.
Fig. 4. Hydrogen evolution volume during immersion testing at the open circuit
potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 24 C for
solution heat-treated Mg0.1Si specimens.
Fig. 5. Instantaneous corrosion rate as evaluated from hydrogen evolution, PH,
during immersion testing at the open circuit potential (OCP) in 3.5% NaCl solution
saturated with Mg(OH)2 for 7 days at 24 ± 1 C for solution heat-treated Mg0.1Si
specimens.
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evaluated from the instantaneous hydrogen evolution rate using
Eq. (1). The change of corrosion rate with increasing immersion
time was evident. For LH specimens, the corrosion rate increased
with increasing immersion time during the first 4 days. Thereafter
the corrosion rate for each LH specimen tended to a steady state
value. These steady state values were in a small range, between
7 and 9 mm y1. For SH specimens, the corrosion rate increased
with increasing immersion time, and the final values of corrosion
rate were similar to those of the LH specimens. For NH-1, the cor-
rosion rate was constant and low during the first 4 days, and there-
after increased rapidly with immersion time to a corrosion rate
similar to those of the LH specimens. For NH-2, in marked contrast,-93-
Table 2
Corrosion data for solution heat-treated Mg0.1Si specimens immersed at the open circuit potential (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 24 ± 1 C.
Specimen A
(cm2)
Time
(d)
DW
(g)
PW
(mm y1)
VH
(mL cm2)
PAH
(mm y1)
PH,7
(mm y1)
Pi,7
(mm y1)
Pi,EIS,LF,7
(mm y1)
2Pi,7/
PH,7
A0
(cm2)
(A0  A)/
A  100%
LH-1 3.02 7.03 0.0608 6.0 15.01 4.5 7.5 4.7 3.4 1.2 3.08 2
LH-2 2.17 7.03 0.0474 6.6 17.43 5.2 9.6 5.0 3.3 1.1 2.21 2
LH-3 2.32 7.03 0.0555 7.2 17.95 5.3 8.0 5.0 3.1 1.2 2.42 4
LH-4 2.32 7.09 0.0413 5.3 14.85 4.4 9.8 – – – 2.35 1
SH-1 3.17 7.09 0.0336 3.2 10.35 3.1 9.1 – – – 3.17 0
SH-2 3.30 7.03 0.0470 4.3 10.24 3.0 6.9 4.0 2.8 1.2 3.31 0
NH-1 2.22 6.95 0.0180 2.5 5.49 1.7 6.3 5.1 2.4 1.6 – –
NH-2 3.30 7.06 0.0080 0.72 1.18 0.35 0.39 0.10 0.12 0.5 – –
Fig. 6. Cathodic polarisation curves measured during the 5th hour and the seventh
day during immersion testing at the open circuit potential (OCP) in 3.5% NaCl
solution saturated with Mg(OH)2 for 7 days at 24 ± 1 C for solution heat-treated
Mg0.1Si specimens.
260 F. Cao et al. / Corrosion Science 94 (2015) 255–269the corrosion rate remained low and constant during the whole
immersion period.
Table 2 presents (i) the data for weight loss and the corre-
sponding (average) corrosion rate, PW, and also (ii) the data for
the average corrosion rate evaluated from the total evolved
hydrogen, PAH (mm y1). The average corrosion rate measured
from the total evolved hydrogen, PAH, was in good agreement
with the average corrosion rate measured from weight loss, PW,
although PAH was typically 20–30% lower than PW. This indicated
that PAH (and also PH) provided a good measurement of the
corrosion rate. The corrosion rate, PAH, of LH specimens wasTable 3
Electrochemical data evaluated by Tafel extrapolation, LEV method, and EIS fitting for solu
3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 24 ± 1 C.
Specimen Tafel LEV
Ecorr bc icorr Pi ba b
(V, Ag/AgCl/sat
KCl)
(mV decade1) (lA cm2) (mm y1) (mV decade1) (m
LH-1(5 h) 1.6493 172 14 0.31 130 
LH-1(7d) 1.5967 213 205 4.7 70 
LH-2(5 h) 1.6557 164 13 0.29 118 
LH-2(7d) 1.5946 223 218 5.0 62 
LH-3 (5 h) 1.6295 159 14 0.31
LH-3 (7d) 1.5969 221 219 5.0 62 
SH-2 (5 h) 1.6478 150 6 0.15 108 
SH-2 (7d) 1.5972 205 174 4.0 62 
NH-1 (5 h) 1.6856 192 16 0.37 114 
NH-1 (7d) 1.5566 206 218 5.1 49 
NH-2 (5 h) 1.6423 157 5 0.12 120 
NH-2 (7d) 1.5949 150 4 0.10 118 
-94significantly larger than that of SH specimens, whereas the NH
specimens had the lowest values.
Table 2 also presents the instantaneous corrosion rate, PH,7 at
the 7th day of immersion for each specimen. Except for specimen
NH-2, PH,7 was in each case significantly larger than PAH, because
of the increase in corrosion rate with increasing immersion time.
The corrosion surface area, A (mm), was adjusted to A0 (mm),
which includes the side-wall area of the pore for LH and SH spec-
imens. The pores were modelled as a cylinder when calculating A0.
The average circle diameter was measured from the optical and
electron micro-graphs such those in Figs. 1 and 2. The depth was
measured from the corrosion morphology from the bottom of the
pore to the smooth epoxy surface after removal of the corrosion
product after the immersion test, which might be a little larger
than the original depth before the immersion test. Even under this
situation, the deviation between A and A0 was less than 5% for LH
and SH specimens as shown in Table 2.3.3. Electrochemical measurements
Fig. 6 presents the cathodic polarisation curves measured at 5 h
after starting the immersion test, and at the 7th day of the immer-
sion test, in 3.5% NaCl solution saturated with Mg(OH)2, for repre-
sentative specimens. The measured polarisation curves were
corrected for iR drop during measurement. Table 3 presents the
curve fitting data using Tafel fitting and LEV fitting. Fig. 6 and
Table 3 show that the corrosion potential, Ecorr, of each specimen
increased after 7 days immersion. The corrosion current density,
icorr, also increased significantly for each specimen after 7 days,
except for NH-2, for which there was no significant change after
7 days. Table 2 also includes the values of the corrosion ratetion heat-treated Mg0.1Si specimens immersed at the open circuit potential (OCP) in
EIS
c B icorr Pi RP,LF icorr Pi,EIS,LF,7
V decade1) (mV decade1) (lA cm2) (mm y1) (X cm2) (lA cm2) (mm y1)
173 32.3 11 0.25
213 22.9 205 4.7 156 147 3.4
164 29.9 10 0.23
223 21.1 218 5.0 148 143 3.3
221 21.0 219 5.0 153 137 3.1
150 27.3 5 0.11
205 20.7 174 4.0 169 122 2.8
192 31.1 16 0.37
206 18.4 218 5.1 178 103 2.4
157 29.6 5 0.12
150 28.7 4 0.10 5363 5 0.12
-
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case Pi,7 was less than PH,7.
Fig. 7 presents typical EIS data as Nyquist plots for Mg0.1Si
specimens immersed for 7 days in 3.5% NaCl solution saturated
with Mg(OH)2. The instantaneous corrosion rate, Pi,EIS, evaluated
from the EIS data measured during the 7th day is included in
Tables 2 and 3. Table 4 presents the RP (X cm2) values extracted
from the fitting of the EIS data.
The EIS data was similar for specimens LH-1, LH-2, LH-3, LH-4,
SH-1 and SH-2. This EIS data is typified by that presented in
Fig. 7(a) and (b), which present the EIS Nyquist plots for specimen
LH-3. There were two capacitance arcs for the Nyquist plots of
45 min and the 1st day. There was only one obvious capacitanceFig. 7. (a–f) Typical EIS data measured during immersion testing at the open circuit pote
solution heat-treated Mg0.1Si specimens: (a) and (b) LH-3, (c) and (d) NH-1, and (e) and
with the EIS measurements, versus immersion time.
-95-arc for the Nyquist plots for all the other curves at longer immer-
sion times. From the 3rd day until the 7th day, there was a small
semi-circle inductive loop and a quarter-circle inductive loop at
low frequencies. The RP,LF value of LH-3 decreased with increasing
immersion time for the first 5 days and remained in small range for
the rest of the immersion test.
Fig. 7(c) and (d) presents the EIS Nyquist plots for specimen NH-
1. There were two capacitance arcs for the Nyquist plots of 45 min
to the 5th day. There was only one obvious capacitance arc for the
Nyquist plots of the 6th and the 7th day. From the 4th day, a small
semi-circle inductive loop appeared at low frequencies until the
6th day. At the last day, a small semi-circle inductive loop and a
quarter-circle inductive loop appeared at low frequencies. The RP,-ntial (OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 24 ± 1 C for
(f) NH-2. (g) Measured values OCP for specimens LH-3, NH-1 and NH-3, associated
Table 4
Electrochemical data of RP,LF values from EIS fitting for solution heat-treated Mg0.1Si
specimens immersed at the open circuit potential (OCP) in 3.5% NaCl solution
saturated with Mg(OH)2 for 7 days at 24 ± 1 C.
Specimen RP,LF (X cm2)
45 min 1 d 2 d 3 d 4 d 5 d 6 d 7 d
LH-1 2698 1597 848 242 201 170 158 156
LH-2 3726 1264 678 193 173 172 165 148
LH-3 2848 1351 665 200 173 147 146 153
SH-2 3141 3393 2001 546 306 202 173 169
NH-1 5227 4032 3879 5253 2610 1709 525 178
NH-2 6333 6410 7073 11,945 7098 6705 5682 5363
Fig. 8. Comparison of corrosion rates, PH, (full symbols), and Pi,EIS (open symbols),
during immersion testing at the open circuit potential (OCP) in 3.5% NaCl solution
saturated with Mg(OH)2 for 7 days at 24 ± 1 C for solution heat-treated Mg0.1Si
specimens.
Fig. 9. Comparison of corrosion rates evaluated from weight loss, PW, hydrogen
evolution, PAH and PH,7, the corrosion current density from cathodic polarisation
curves, Pi,7, and EIS, Pi,EIS,7, during immersion testing at the open circuit potential
(OCP) in 3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 24 ± 1 C for
solution heat-treated Mg0.1Si specimens.
Rs Rp
CPE1(c)
Fig. 10. Equivalent circuits used for EIS data fitting: (a) for EIS data at the 7th day
for LH-1, LH-2, LH-3, SH-2 and NH-1, (b) for EIS data at the 7th day for NH-2, and (c)
a simple EIS data fitting by a semi-circle in the lowest frequency range.
262 F. Cao et al. / Corrosion Science 94 (2015) 255–269LF value of NH-1 remained in relatively small range in the first
3 days, and decreased rapidly with the immersion time during
the remainder of the immersion test.
Fig. 7(e) and (f) presents the EIS Nyquist plots for specimen NH-
2. The Nyquist plots were all similar in shape (except the 3rd day)
with two capacitance arcs at high and medium frequencies, and an
inductive loop at low frequencies. For the Nyquist plots of the 3th
day, there were only two capacitance arcs. The RP,LF value for NH-2
remained in a relatively small range with the immersion time for
the whole test, and were much larger than the values for the LH
and SH specimens. The RP,LF did increase until day 3 and thereafter
decreased somewhat.
Fig. 7(g) presents the measured values of the open circuit
potential (OCP) for specimens LH-3, NH-1 and NH-3, associated
with the EIS measurements versus immersion time. The initial
open circuit potential was 1.7 VAg/AgCl/satKCl for all specimens.
From day one to day seven, the open circuit potential was
1.6 VAg/AgCl/satKCl for all specimens. The OCP values were essen-
tially constant and did not show the variations as shown by the
values of the corrosion rate, as measured by hydrogen evolution,
PH, and by EIS, Pi,EIS, see Figs. 5 and 8.
The RP,LF values of Table 4 were converted to corrosion rates, Pi,-
EIS, using Eq. (3), and values of B linearly interpolated between B5 h
and B7 d, where B5 h was the average of the measured values of B at
5 h, and B7 d was the average of the measured values at 7 d.
Fig. 8 presents the values of the corrosion rates evaluated from
the EIS data, Pi,EIS, compared with the corrosion rates measured-96from hydrogen evolution, PH. Pi,EIS had the same trend as PH, and Pi,-
EIS was considerably smaller than PH. Because values of Bwere esti-
mated by interpolation, care needs to be taken with the
comparison of absolute values of Pi,EIS and PH. However, there
was no interpolation of the B values at the 7th day, so these data
are directly comparable, and these data clearly show that Pi,EIS
was considerably smaller than PH.
Fig. 9 presents the measured corrosion rates for comparison. Of
particular interest are the corrosion rate, Pi,7, evaluated from the
polarisation curves, the corrosion rate, Pi,EIS,7, evaluated from the
EIS data for the 7th day, and the corresponding corrosion rate from
hydrogen evolution, PH,7. The corrosion rate during the 7th day of
immersion, PH,7, was significantly larger than Pi,7 and Pi,EIS,7, in each
case.-
Table 5
Comparison of the corrosion rates for the 7th day for solution heat-treated Mg0.1Si specimens immersed at the open circuit potential (OCP) in 3.5% NaCl solution saturated with
Mg(OH)2 for 7 days at 24 ± 1 C. PH,7 was evaluated from the instant hydrogen evolution rate. Pi,7 was evaluated from the cathodic polarisation curves. Pi,EIS,7,LF was evaluated from
the EIS data from RP,LF measured as the real part of the impedance at the lowest frequency. Pi,EIS,7,SF was evaluated from the EIS data using RP,SF measured as the real part of the
impedance approached 0 Hz from the simple fitting using the equivalent circuit of Fig. 10(c). Pi,EIS,7,SIM was evaluated from the EIS data using RP as measured as the real part of the
impedance approached 0 Hz from fitting the EIS data using the equivalent circuit presented Fig. 10(a). Pi,EIS,7,CAL was evaluated from the EIS using RP evaluated from the resistances
in Fig. 10(a) by fitting the EIS data to Fig. 10(a), which corresponded to 0 Hz.
Specimen PH,7 (mm y1) Pi,7 (mm y1) Pi,EIS,7,LF (mm y1) Pi,EIS,7,SF (mm y1) Pi,EIS,7,RCL2,SIM (mm y1) Pi,EIS,7,RCL2,CAL (mm y1)
LH-1 7.5 4.7 3.4 5.0 6.6 6.6
LH-2 9.3 5.0 3.3 4.1 6.0 6.6
LH-3 8.0 5.0 3.1 4.9 7.5 7.5
SH-2 6.9 4.0 2.8 4.1 5.8 5.8
NH-1 6.3 5.1 2.4 3.1 5.3 5.3
NH-2 0.39 0.10 0.12 0.12 0.12 0.12
Fig. 11. Secondary electron images at low and high magnifications of typical
surface appearance after immersion testing at the open circuit potential (OCP) in
3.5% NaCl solution saturated with Mg(OH)2 for 7 days at 24 ± 1 C and after removal
of corrosion products for solution heat-treated Mg0.1Si specimen (a) and (b) LH-2
(arrows indicate areas that had suffered serious corrosion), and (c) LH-3.
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The corrosion rates evaluated from the EIS data and presented
in Figs. 8 and 9 had the disadvantage that they pertain to measure-
ments relating to the polarisation resistance, RP,LF, measured at the
lowest frequency of the EIS measurements. Thus, these corrosion
rates were possibly somewhat too small. Thus a detailed fitting
of the EIS of the 7th day was carried out.
Fig. 10 presents the equivalent circuits for the EIS data fitting.
The equivalent circuit shown in Fig. 10(a) represents the corrosion
processes on the non-pore surface and within the pores. The part
(R2, R3, R4, R5, C2 and L2) modelling the electrochemical reactions
within a pore was adapted from the that proposed by Song and
Shi [68]. The completed circuit was used to fit the EIS data at the
7th day for LH-1, LH-2, LH-3, SH-2 and NH-1, which had one obvi-
ous capacitance arc, one small semi-circle inductive loop, and one
quarter-circle inductive loop. This is designated as the RCL2 model.
In this circuit, each component has the following physical mean-
ing: Rs was the solution resistance between the working electrode
and the reference electrode; C1 was the overall surface film capac-
itance; R1 was the local surface film dissolution resistance over the
non-pore area; L1 was the local film dissolution inductance over
the non-pore area; R2 was the pore solution resistance in the pore;
R4 was the local film dissolution resistance in the pore; L2 was the
local film dissolution inductance in the pore; R3 was the film resis-
tance in the pore; R5 was the pseudo resistance of Mg dissolution
(in which Mg+ may be involved) at the Mg/film interface in the
pore; and C2 was the pseudo capacitance of Mg dissolution (in
which Mg+ may be involved) at the Mg/film interface in the pore.
The equivalent circuit shown in Fig. 10(b) was from our previ-
ous research [3–5] and was used for fitting the EIS data at 7th
day of NH-2, which had two capacitance arcs, and one inductive
loop. In the circuit, Rs was for the solution resistance between
the working electrode and the reference electrode; Rfp was the
resistance in the film above the localised corrosion event or
micro-galvanic event, C3 the associated constant phase element
in parallel; Rtp was the charge transfer resistance associated with
the localised corrosion events or micro-galvanic events, C4 the
associated constant phase element in parallel, and L was the asso-
ciated inductive element in parallel.
Fig. 10(c) presents a simple EIS data fitting by a semi-circle in
the lowest frequency range as proposed in our prior research [43].
Table 5 presents a comparison of the evaluated corrosion rates
for the 7th day for solution heat-treated Mg0.1Si specimens
immersed at the open circuit potential (OCP) in 3.5% NaCl solution
saturated with Mg(OH)2 for 7 days at 24 ± 1 C. PH,7 was from
Table 2, and was the corrosion rate evaluated from the instant
hydrogen evolution rate. Similarly, Pi,7 was from Table 2, and was
the corrosion rate evaluated from the cathodic polarisation curves.
Pi,EIS,7,LF was from Table 3, and was evaluated from the EIS data
from RP,LF measured as the real part of the impedance at the lowest-97-frequency. Pi,EIS,7,SF was evaluated from the EIS using RP,SF measured
as the real part of the impedance approached 0 Hz from the simple
fitting using the equivalent circuit of Fig. 10(c). Pi,EIS,7,SIM was eval-
uated from the EIS using RP as measured as the real part of the
impedance approached 0 Hz from fitting the EIS data using the
equivalent circuit presented in Fig. 10(a). Pi,EIS,7,CAL was evaluated
from the EIS using RP evaluated from the resistances in Fig. 10(a)
by fitting the EIS data to Fig. 10(a), which corresponds to 0 Hz.
The values of Pi,EIS,7,SF, Pi,EIS,7,SIM, and Pi,EIS,7,CAL were all less than
PH,7.
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Fig. 11 presents typical secondary electron SEM images of the
corroded surface after the immersion test and after removal of
the corrosion products. Fig. 11(a) shows that the Mg matrix
around the pores was corroded as indicated as region A, which
was typical of such regions. There were also many large areas,
which had suffered serious corrosion during the immersion test
such as those arrowed. These had an appearance somewhat like
craters. There were a significant number of second-phase parti-
cles standing proud on the surface. The size of the largest of
these particles was in the range approaching 0.1 mm, com-
pared with a size of a few micro-metres for those in Figs. 2
and 3. There were also smaller particles more similar in size to
those in Figs. 2 and 3. Fig. 11(b) and (c) shows a more detailed
close up view of the corroded surface. There were many cup
shaped features with the appearance that the interior has cor-
roded, leaving a cup shaped depression. Many had cup shapes
nested within cup shapes. Many were elongated with consider-
able aspect ratios, having the appearance somewhat like the
effect one might expect if a more corrosion prone phase was
preferentially dissolved. There were a considerable number of
particles on the corroded surface, some giving the appearanceFig. 12. Secondary electron images at low and high magnifications of the surface
appearance after immersion testing at the open circuit potential (OCP) in 3.5% NaCl
solution saturated with Mg(OH)2 for 7 days at 24 ± 1 C and after removal of
corrosion products for solution heat-treated Mg0.1Si specimen NH-1. Black circles
indicate corrosion around a pore. Arrows indicate areas that had suffered significant
layer type corrosion.
-98that there had been preferential corrosion of the surroundings.
This appearance was somewhat like the corrosion inside of the
sub-grains in Fig. 3(b), although the scale of the fine detail of
the corrosion in Fig. 11(b) and (c) was somewhat finer than that
of Fig. 3(b).
Fig. 12 presents secondary electron SEM images of the cor-
roded surface of NH-1 after the immersion test. For the whole
corroded surface area of NH-1, there was one large pore-like
area, which had suffered serious localised corrosion as indicated
as region A in Fig. 12(a) and one small pore-like area as region B
which had suffered a moderate amount of corrosion during the
test. There were many crater-like areas, which had suffered
some corrosion, and some areas reminiscent of the layer type
corrosion observed by Qiao et al. [28]. Some areas had suffered
little corrosion as illustrated in Fig. 12(b), which also illustrates
some of the adjacent layered corrosion in greater detail.
Fig. 13 presents secondary electron SEM images of the
corroded surface of NH-2 after the immersion test. NH-2 had
suffered uniform and slight corrosion during the immersion test.
Fig. 13(b) shows that at higher magnification the MgSi2 particles
were visible, and were arranged along dendrite and sub-grain
boundaries. These were consistent in size to those in Figs. 2
and 3.Fig. 13. Secondary electron images at low and high magnifications of the surface
appearance after immersion testing at the open circuit potential (OCP) in 3.5% NaCl
solution saturated with Mg(OH)2 for 7 days at 24 ± 1 C, and after removal of
corrosion products, for solution heat-treated Mg0.1Si specimen NH-2.
-
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4.1. Corrosion rates
Table 2 and Fig. 9 indicate that there was good agreement
between the average corrosion rate measured with weight loss,
PW, and the (average) corrosion rate evaluated from the total
evolved hydrogen, PAH, indicating that the corrosion rate evaluated
from hydrogen evolution was a good measure of the corrosion rate.
The fact that the corrosion rate evaluated fromweight loss, PW, was
20% larger than the corrosion rate evaluated from evolved hydro-
gen, PAH, is attributed to the dissolution of some hydrogen in the
Mg matrix during the immersion test, or dissolution of some
hydrogen into the test solution.
These corrosion rate data also indicate that the LH specimens
had a similar, and relatively high corrosion rate, with average cor-
rosion rates of PW = 6.2 mm y1 and PAH = 4.8 mm y1. The SH spec-
imens had medium corrosion rates, with average corrosion rates of
PW = 3.7 mm y1 and PAH = 3.1 mm y1. The NH specimens had rel-
atively the lowest corrosion rates. In particular, the corrosion rates
for NH-2 were: PW = 0.7 mm y1 and PAH = 0.4 mm y1.
Table 2 also contains data for geometric specimen area, A, of
each specimen. The exposed specimen area, A0, was evaluated from
the geometric specimen area A by addition of the surface area of
the defects. These two areas were similar in magnitude because
there were only small areas associated with the pores. These differ-
ences in areas could not explain the differences in the corrosion
rates between the specimens, particularly that between the NH-2
specimen and the LH specimens.
Fig. 9 and Table 2 indicate that the value of PH,7 was larger than
the corresponding value of PAH value for each specimen, (except for
specimen NH-2 for which the two quantities were within experi-
mental error). The fact that PH,7 was larger than PAH was because
the corrosion rate increased during the immersion test as is clear
from Fig. 5.
Fig. 9 and Table 2 also indicate that PH,7 was also larger than the
corrosion rate evaluated from polarisation curve, Pi,7, and the cor-
rosion rate evaluated from EIS, Pi,EIS,7.
Table 2 includes values for the apparent valence of Mg during
corrosion, VH, evaluated from
VH ¼ 2Pi;7PH;7 ð6Þ
Each value of the apparent valence of Mg, VH, in Table 2 was less
than 2, which was consistent with our prior research [3–
5,20,28,43]. These values of the apparent valence of Mg were
somewhat over-estimates because the values of PH were shown
above to be too small by about 20%.4.2. EIS
EIS is an effective method to study the corrosion behaviour. It is
possible to evaluate the instantaneous corrosion rate using Eqs. (3)
and (5) from themeasured value of the polarisation resistance, RP, if
values are available for the cathodic and anodic Tafel slopes, from
polarisation curves [3–5,28,59]. Furthermore, our previous research
[3–5] showed that EIS can provide useful insights into the film
development on the surface of Mg specimens during corrosion.
Fig. 8 indicates that the corrosion rates, Pi,EIS, evaluated from EIS
showed the same trend as that of the corrosion rate evaluated by
hydrogen evolution, PH, which gave confidence that EIS provided
an appropriate measure of the corrosion behaviour during the
immersion test.
In this research, many EIS Nyquist plots had one or two capac-
itive loops and a small semi-circle inductive loop and a quarter-cir--99-cle inductive loop at low frequencies such as those in Fig. 7(b).
Such data was measured for LH-1, LH-2, LH-3, and SH-2, and also
for NH-1 on the 7th day.
In particular, the EIS Nyquist plots with a small semi-circle
inductive loop and a quarter-circle inductive loop at low frequen-
cies was not found for Mg in our previous research [3–5,28].
Our previous research on ultra-high purity Mg and Mg–X and
Mg–RE alloys measured EIS plots (i) with only two capacitive loops
for corrosion of ultra-high purity Mg with no localised or micro-
galvanic corrosion; and (ii) two capacitive loops and an inductive
loop at low frequencies when the corrosion included localised cor-
rosion or micro-galvanic corrosion. Thus, in the previous research,
the appearance of the inductive loop was attributed to localised
corrosion or micro-galvanic corrosion [3–5].
Thus, the small semi-circle inductive loop appeared and the
quarter-circle inductive loop at low frequencies, measured in this
research (see Fig. 7(b)), is attributed to the corrosion associated
with the porosity. This attribution is based on the facts that these
features were absent when there was no corrosion associated with
porosity, and that these features were present when there was cor-
rosion associated with porosity. Thus, these features were not
present when there was only essentially uniform corrosion occur-
ring as for (a) NH-2 during the whole immersion test, and (b) for
NH-1 in the early stages of the corrosion test. These features were
present for NH-1 in the 7th day of the immersion test, and for the
other specimens (such as LH-1) for all immersion after the initial
period.
The corrosion associated with porosity has the follow aspects,
which could contribute factors associated with these features in
the EIS data. Corrosion products in the pore can hinder mass trans-
fer and the diffusion in the pore. Corrosion products covered the
surface of the pore would influence local micro-galvanic corrosion.
The small semi-circle inductive loop and the quarter-circle
inductive loops were not present during the first days of the
immersion test, see Fig. 7(a), because the corrosion inside the pore
had just commenced, and not enough corrosion products had been
produced. The subsequent appearance of the small semi-circle
inductive loop, and the quarter-circle inductive loops in the EIS
data, indicated that the specimen suffered serious localised corro-
sion, which penetrated deeply into the matrix, and was associated
with the presence of corrosion associated with the pores. The cor-
rosion morphology indicated that (i) there were pore-like features
on the surface of the corroded specimens LH-1, LH-2, LH-3, LH-4,
SH-1, SH-2, and NH-1, as illustrated in Figs. 11 and 12; and (ii) that
there was no pore-like feature on the corroded surface of NH-2 as
illustrated in Fig. 13, which had no quarter-circle inductive loop in
the EIS Nyquist plots.
Our prior research [3,4] showed that the EIS data such as that in
Fig. 7, and the associated values of RP in Table 4, could provide sig-
nificant information of the film development during the immersion
test. The EIS data for NH-2 in Fig. 7(e) and (f) are consistent with a
stable somewhat protective film on the Mg surface for the whole
immersion test. Furthermore, the RP values in Table 4 are consis-
tent with a film of increasing protectiveness until day 3, after
which there was a slight decrease. The corroded surface appear-
ance was consistent with this interpretation; there was only super-
ficial corrosion, and the corrosion rate remained low as is clear
from Fig. 5.
The EIS data for NH-1 in Fig. 7(c) and (d) similarly are consistent
with a partially protective film until the 3rd day of immersion,
where after there was a steady increase in the corrosion rate (as
evidenced by the decreasing of RP values (see Table 4) and increas-
ing amount of hydrogen evolution (see Fig. 5). There was no poros-
ity at the start of the immersion test, whereas Fig. 12 indicates that
there was porosity after the immersion test. It is deduced that the
corrosion during the first three days of the immersion test was suf-
266 F. Cao et al. / Corrosion Science 94 (2015) 255–269ficient so that the corroding surface intersected with a pore, and
thereafter the corrosion accelerated over the whole surface as is
clear from the corroded surface appearance in Fig. 12, and the fact
that the corrosion rate approach the values of the LH specimens by
the seventh day of the immersion test, as is evident from Fig. 5.
In contrast, the EIS data for the LH specimens such as LH-3 illus-
trated in Fig. 7(a) and (b) indicate that the corrosion rate steadily
increased with immersion time, consistent with the hydrogen evo-
lution data presented in Fig. 5.
4.3. Influence of porosity
Fig. 5 and Table 2 indicate that (i) the LH specimens had the
largest corrosion rate; (ii) that the LH had a similar steady state
corrosion rate by the 7th day of the immersion test, (iii) that the
SH specimens, and NH-1, had corrosion rates by the 7th day that
were similar to or approaching the steady state corrosion rate of
the LH specimens, and (iv) that NH-2 had a low corrosion rate
throughout the immersion test. The corrosion morphologies, as
presented in Figs. 11–13 were consistent with this corrosion
behaviour.
The substantial corrosion rates of the LH, SH and NH-1 speci-
mens are attributed to the influence of the porosity and the inter-
action of the porosity with the partly protective film, which
somewhat retards the corrosion of Mg in chloride solutions, as
was shown by Song and co-workers [33,34].
Fig. 14 presents a model to illustrate how the pores in the spec-
imen could influence the surface film development on the speci-
men surface. This model is designated as the broken-film model.
The film is expected to consist of a thin MgO layer on the Mg sur-
face on top of which is a thicker layer of Mg(OH)2 [35,36,69]. How-
ever, for simplicity only the Mg(OH)2 is shown. Fig. 14(a)
illustrates, for specimens without porosity (or without other simi-
lar defects), that a thin and partly-protective film grew after
immersed into the solution. The film tended to become somewhat
more protective with the immersion time, maybe by becoming
thicker, or by a decrease of the surface-film porosity, but could also
suffer partial beak-down events which could decrease the overall
protectiveness of the film. However, the increase in protectiveness
was relatively small, and thereafter, the protectiveness no longerFig. 14. Film broken model for Mg0.1Si specimens immersed in 3.5% NaCl solution s
-10increased and decreased or remained constant. This was the case
for specimen NH-2, and for the corrosion during the first three
day for NH-1, as is evident from Table 4. Similar increases in film
protectiveness was revealed by the EIS data for a range of corrod-
ing Mg–X alloys [4] and Mg–RE alloys [5].
For specimens with porosity as illustrated in Fig. 14(b), there
was initially a somewhat protective film immediately after immer-
sion into the solution. However, this film was not as protective as
was evident from the typically higher initial corrosion rates for the
LH specimens as shown in Fig. 5. The film became less protective
with the immersion time, and the corrosion rate of the specimen
increased, as: (i) the corrosion increased the size and surface area
of the porosity; (ii) the corrosion broke the integrity and compact-
ness of the partly protective film over all of the specimen surface,
which led to significant corrosion adjacent to the porosity, and also
to significant corrosion over the whole specimen area; (iii) corro-
sion increased because of an increasing surface area of deleterious,
highly-cathodic, Fe-rich micro-particles exposed to the solution, as
these micro-particles became increasingly exposed by the corro-
sion of the Mg alloy with increasing time during the immersion
test; (iv) significant localised corrosion and crevice corrosion asso-
ciated with the porosity as suggested by Song et al. [29,42] and
demonstrated by Shi and Atrens [20]. The corrosion over the whole
specimen surface, and the crater like features illustrated in
Fig. 11(a), are attributed to a combination of (ii) and (iii).
Fig. 12(a) indicates new pores on the surface of NH-1 produced
during the immersion test and attributed to (iii).
No Fe-rich micro-particles were found on the corroded surface.
Although these particles are extremely potent cathodes, and a rel-
atively small number causes a significant increase in corrosion
rate, these particles are extremely small and are expected to be
in the size range from 10 nm to a fraction of a micro-metre as
was shown by Liu et al. [14] and Taheri et al. [53]. Furthermore,
the work of Taheri et al. [53] implies that they are associated with
the corrosion products or even may be located at the top of the cor-
rosion products. Thus, they may drop out during the immersion
test, or between the end of the immersion test and specimen char-
acterisation after the test. Furthermore, these particles may be eas-
ily removed when the specimens were cleaned in the chromic acid
to remove the corrosion products, particularly if they are indeedaturated with Mg(OH)2 (a) specimen without defect; (b) specimen with defects.
0-
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products as found by Taheri et al. [53]. Even if a impurity particle
stays on the top of the corrosion product film, due to the non-elec-
tronic conductivity nature of the MgO and Mg(OH)2 corrosion
products, this particle is actually not electronically connected with
the substrate Mg alloy, which should not have a contribution to the
anodic dissolution of the Mg at all.
In this series of experiments, the specimen NH-1 has a some-
what special status. The surface appearance before the immersion
test was similar to that of specimen NH-2 in that there was no
porosity. Fig. 5 shows that the corrosion rate of NH-1 during the
first four days was essentially identical to that of NH-2. It was
expected that there was a somewhat protective film on the surface
of NH-1 during the first three days just like on NH-2, and it was
expected that the surface appearance of NH-1 during this period
was similar to that of NH-2 at the end of the immersion test, and
presented in Fig. 13. However, Fig. 5 shows that from the 4th day
the corrosion rate of NH-1 increased until by the 7th day the cor-
rosion rate of NH-1 was comparable to that of the LH specimens.
Furthermore, Fig. 12 shows that the appearance of the corroded
surface of NH-1 at the end of the immersion test was comparable
to that of LH-3 (see Fig. 11). Moreover, Fig. 12 shows that the cor-
roded surface of NH-1 contained porosity. These behaviours are
interpreted as indicating that the corrosion of NH-1 was sufficient
that by the end of the 4th day the corroding surface had suffered
sufficient corrosion for the surface to have intersected a pore,
and that the subsequent corrosion became essentially similar to
the LH specimens, resulting in similar corrosion rates and corro-
sion morphology.
Similarly, the main difference between the SH specimens and
the LH specimens seems to have been that the smaller pores in
the SH specimens took longer to develop the corrosion associated
with the LH specimens. The final corrosion rate at the 7th day
was comparable as was the appearance of the corroded specimens.
The broken-film broken model presented in Fig. 14 was derived
based on the corrosion data and corroded surface morphology after
the immersion test. The model is consistent with the data and is
reasonable. However, there was no in-situ confirmation as there
was no technique available to us to observe the in-situ corrosion
behaviour at this scale under the corrosion film.
There is also thepossibility that the formation of pores during the
solidification of the casting is accompanied by significant segrega-
tionof impurities in the regionof thepores. This segregation is a con-
sequence that the poreswere associatedwith the lastmaterial of the
casting to solidify. Associated with the higher impurity segregation
would also be a higher Fe content, leading to a higher concentration
of Fe-rich particles after heat treatment. In this eventuality, the sur-
face of the pores has intrinsically a high corrosion rate. This is likely
to be part of the corrosionmechanism, but the higher corrosion rate
of the Mg associated with the pores is not the complete corrosion
mechanism as is clear from the corrosion morphology of the LH
specimens presented in Fig. 11. Fig. 11 shows clearly that all the
specimensurfaceof the LHspecimenshad suffered significant corro-
sion, not just the areas associated with the pores.
4.4. Improving corrosion resistance
Our current research indicates that casting defects (such as
pores) could result in a high corrosion rate for a Mg alloy. There-
fore, it is important to minimise such defects from cast Mg compo-
nents. One way is to change the production method. Schlüter et al.
[31] found that the corrosion rate of sputter-deposited Mg–Y and
Mg–Gd alloys was significantly lower than the higher corrosion
rate of as-cast and solution heat-treated Mg–Y and Mg–Gd alloys.
The dissolving of Fe particles in the sputter-deposited Mg alloy was-101-one important reason for the lower corrosion rate as the micro-gal-
vanic corrosion caused by Fe was avoided. Furthermore, the
absence of defects was also a significant reason for the lower of
corrosion rate.
For some applications cast Mg parts are preferred because of the
low cost. In such cases, the casting defects are an inevitable part of
the production process. For these cases, it is important to discover
which Mg alloys would produce more protective films during cor-
rosion, and consequently have low corrosion rates. This research
has been started in our team [4,5].4.5. Corrosion mechanism
Table 2 shows that the apparent valence for Mg was less than 2.
These experimental measurements (i) are consistent with the cor-
rosion mechanism involving the uni-positive Mg ion, Mg+, and (ii)
are not consistent with the claim that the Mg corrosion mechanism
can be explained solely based on Mg corrosion activating the sur-
face and thereby increasing the rate of the hydrogen evolution
reaction. Furthermore, the corrosion of the pore free specimen
NH-2 was constant with immersion time. There was no surface
activation, again providing additional experimental evidence that
the Mg corrosion mechanism cannot be explained only by consid-
ering the hydrogen evolution reaction, and ignoring the details of
the anodic reaction.4.6. Corrosion measurement
Fig. 9 and Table 5 show that the electrochemical measurements
of the corrosion rate were significantly less that those measured
from hydrogen evolution. This provides additional experimental
evidence that the electrochemical measurements of the corrosion
rate of Mg must be used with caution.5. Conclusions
1. Specimens with casting porosity had corrosion rates signifi-
cantly higher than specimens without casting porosity.
2. The EIS curves together with the PH curves provide significant
information on the film development on the surface of speci-
mens during the immersion testing.
3. The EIS spectra of specimens with casing porosity during corro-
sion showed a semi-circle inductive loop and a quarter-circle
inductive loop attributed to the corrosion associated with the
pores.
4. The high corrosion rate of specimen with porosity was attrib-
uted to the influence of the pores, activating significant corro-
sion over the whole specimen surface, wherein important
aspects were (i) the breakdown of a partly protective surface
film, and (ii) micro-galvanic acceleration of the corrosion by
Fe-rich particles.
5. Each measured value of apparent valence for Mg was less than
2. These experimental measurements (i) are consistent with the
corrosion mechanism involving the uni-positive Mg ion, Mg+,
and (ii) are not consistent with the claim that the Mg corrosion
mechanism can be explained solely based on Mg corrosion acti-
vating the surface and thereby increasing the rate of the hydro-
gen evolution reaction.
6. The electrochemical measurements of the corrosion rate were
significantly less that those measured from hydrogen evolution.
This provides additional experimental evidence that the elec-
trochemical measurements of the corrosion rate of Mg must
be used with caution.
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Abstract 
  The stress corrosion cracking (SCC) behaviour of solution heat-treated Mg0.1Zr, Mg1Mn, 
Mg0.1Sr, Mg0.3Si, Mg5Sn, Mg5Zn and Mg0.3Ca in distilled water (DW) was studied using the 
linearly increasing stress test (LIST). SCC susceptibility was related to the stress rate for all the Mg-
X alloys except for Mg0.1Sr. At ~7.0 × 10-4 MPa s-1, Mg0.3Si and Mg5Sn were immune to SCC; 
Mg0.1Zr, Mg1Mn and Mg0.1Sr suffered medium SCC; Mg5Zn and Mg0.3Ca suffered relatively 
more serious SCC. At ~7.0 × 10-5 MPa s-1, Mg5Zn and Mg0.3Ca suffered the most serious trans-
granular SCC, whilst the other Mg-X alloys suffered medium SCC.  
Keywords: A. Magnesium; B. SEM; C. Hydrogen embrittlement; C. Stress corrosion. 
1. Introduction 
Magnesium (Mg) alloys are attractive for light-weight applications such as in the aerospace and 
automobile industries, due to their high strength-to-weight ratio. However, their poor resistance to 
corrosion [1-7] and stress corrosion cracking (SCC) [8-15] limits their further service applications. 
It is well established [11, 13-17] that a form of hydrogen embrittlement (HE) is the mechanism for 
SCC of Mg alloys. However, the intrinsic nature of the HE mechanism remains equivocal. 
Mechanisms based on the hydrogen enhanced de-cohesion (HEDE), hydrogen enhanced local 
plasticity (HELP), delayed hydride cracking (DHC) and adsorption-induced dislocation emission 
(AIDE) have been proposed to explain the SCC behaviour of Mg alloys [17]. The HEDE 
mechanism [18-20] proposes that hydrogen decreases the atomic bonding at the tip of the sharp 
crack tip, or several tens of nano-meters ahead of the crack, where the tensile stress is maximum, or 
at particle-matrix interfaces ahead of the crack, where hydrogen accumulates by stress-assisted 
diffusion. HEDE leads to tensile separation of adjacent metal atoms, and does not require any 
plastic deformation. The HELP mechanism [19, 21-23] proposes that hydrogen enhances the 
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mobility of dislocations causing locally reduced shear strength. HELP results in micro-void 
coalescence more localized than that which occurs in an inert environment. The DHC mechanism 
[10, 11] proposes repeated stages of stress-assisted diffusion of hydrogen ahead of the crack tip, 
leading to hydride formation and fracture, as the hydride (MgH2) is more brittle than the Mg matrix. 
The AIDE mechanism [19, 24] proposes that hydrogen adsorbed at the crack tip, and among the 
first few atomic layers, facilitates the nucleation of dislocations from the crack tip, by weakening 
the metal-metal bonds, leading to micro-void formation and crack advance. The AIDE mechanism 
is similar to the HELP mechanism; the essential difference is that the AIDE mechanism proposes 
that the action of the hydrogen is very close to the crack tip, whereas the HELP mechanism 
proposes action by hydrogen much further from the crack tip. Several mechanisms of HE may occur 
simultaneously, depending on the material, and other variables such as strain rate [10, 19]. 
Microstructure is significant in determining the mechanism of HE, which can be understood in 
terms of hydrogen transport and trapping. The traps in Mg alloys may include solute atoms, second 
phase particles, dislocations, twin boundaries, grain boundaries and phase boundaries. Key features 
of the microstructure, such as β-phase particles, can act as H traps, and crack nucleation sites [12]. 
The influence of the traps on hydrogen transport depends on the binding energy, and the type of trap 
(whether they are reversible or irreversible). There is no understanding of the binding energies of 
traps, and hydrogen trapping in the microstructure in Mg alloys.  
Winzer et al [13] found that a small change in the alloy could result in significant variation in the 
SCC behaviour. Significant research has been conducted on the influence of alloying elements on 
the SCC behaviour of Mg alloys. Al-containing Mg alloy has been widely studied, and are 
susceptible to SCC in distilled water, and in chloride solutions [15, 22, 25]. The AZxx series of 
alloys, containing both Al and Zn, are considered particularly susceptible, and suffer SCC in moist 
air, and chloride-containing solutions [15]. However, research on the influence of other alloying 
elements is limited. Ben-Hamu et al. [26] reported that Si addition can significantly improve the 
SCC resistance of Mg-Zn-Mn alloys in 3.5 wt% NaCl solution saturated with Mg(OH)2. Moreover, 
the available literature contains contradictory data. For example, Zn has been reported to increase 
SCC susceptibility [27] which was disputed by Fairman and Bray [28]. Winzer et al [10] indicated 
that the SCC crack propagation velocity of AZ31 and AZ91 was higher than that of AM30, which 
was attributed to the influence of Zn, and second phase particles. Mg-Mn alloys have been 
generally regarded as immune in the atmosphere, chloride or chloride-chromate solutions [27], but 
have been reported to be susceptible in the atmosphere and in distilled water (DW) [29]. Winzer et 
al. [15] further indicated that the elements Nd, Zr, Sn, Li, Ag, Pb, Cu, Ni, and Th had little or no 
influence on SCC susceptibility. However, Padekar et al [9] reported that Nd and Gd additions 
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resulted in the formation of a robust film on the surface of EV31A, and increased the SCC 
resistance. Busk [30] reported that cast Mg-Zr alloys suffered from negligible SCC, whilst the ASM 
Handbook [31] stated that alloys containing Zr, and rare-earths, can have intermediate susceptibility 
in atmospheric environments. There has been no report on the influence of Sr and Ca on the SCC 
behaviour of Mg alloys so far. 
In order to identify the influence of alloying elements on SCC of Mg, and to support the 
increased use of Mg alloys for stressed components in aerospace and in the automobile industry, 
there is a need for a mechanistic understanding of the influences of microstructure, environment, 
and stress, on SCC of Mg alloys [15]. This mechanistic understanding can be developed by 
investigating the following unit processes: (i) the environmental and mechanical conditions causing 
film break down and hydrogen entrance into the Mg; (ii) hydrogen diffusion and/or transport to the 
crack, or ahead of the crack tip; (iii) the influence of microstructure and hydrogen-trap interaction 
that promote accumulation of hydrogen in such concentrations as to cause hydrogen embrittlement 
(HE). These issues may be elucidated based on the analyses of the following results of different 
alloys under SCC tests: (i) film formation and breakdown processes in solution, and their sensitivity 
to stress rate; (ii) fractography; (iii) the threshold stress and the crack propagation velocity; (iv) the 
sensitivity of cracking to alloying elements and microstructure modification; and (v) the sensitivity 
of cracking to environment variation.  
The current research builds on the understanding of the microstructure and corrosion behaviour 
of Mg-X alloys (X = Zr, Mn, Sr, Si, Sn, Zn, Ca) from our previous research [1]. These alloying 
elements were selected as they are relatively cost effective, and are more likely to find applications 
in the automobile industry where cost is a significant consideration. The solution heat-treated Mg-X 
alloys were all single-phase alloys with some tiny particles distributed in the matrix. All the Mg-X 
alloys (except one specimen of Mg1Mn) suffered serious localized corrosion (which penetrated 
deeply into the matrix), and had corrosion rates higher than that of high-purity Mg in 3.5% NaCl 
solution saturated with Mg(OH)2.  
The aim of the current research is to better understand the influence of alloying elements and 
microstructure on the SCC behaviour of these Mg-X alloys (X = Zr, Mn, Sr, Si, Sn, Zn, Ca). 
2. Experimental methods 
2.1 Materials and specimens 
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The as-cast, solution-heat-treated, Mg-X alloys were produced as described previously [1, 32]. 
Pieces of high purity Mg (99.9 wt.%) were melted in an aluminium titanate crucible, followed by 
the addition of the element X (as commercial purity metal or master alloy) to ensure the target 
composition of the molten alloy. About 150 ppm Zr was added to purity the molten alloy, which 
was kept at 670 °C for an hour to allow the combination of Zr with Fe, and for the Fe2Zr particles to 
settle to the bottom of the melt. The top part of the molten Mg-X alloy was cast into round steel 
moulds (12 mm in diameter and about 200 mm long). Table 1 presents the chemical composition of 
these alloys, which was analysed by optical emission spectroscopy (ICP-OES) by the Analytical 
Services Unit at the School of Agricultural and Food Sciences, The University of Queensland. 
Table 1 Chemical composition of each Mg-X alloy, in wt ppm for the minor alloying elements and in wt% for the main 
alloying element X, and the balance in each case is Mg. 
Alloy X Al Ca Cu Fe Mn Ni Si Zn Zr 
Mg0.1Zr 0.13 wt%Zr 54 33 19 16 357 3 739 43 0.13 wt% 
Mg1Mn 1.13 wt%Mn 95 62 11 0 1.13 wt% 2 100 36 42 
Mg0.1Sr 0.1 wt%Sr 105 22 28 25 435 9 473 50 34 
Mg0.3Si 0.28 wt%Si 51 34 23 25 419 29 0.28 wt% 42 34 
Mg5Sn 5.05 wt%Sn 239 27 25 25 412 7 260 48 147 
Mg5Zn 5.05 wt%Zn 105 21 28 34 545 15 296 5.05 wt% 136 
Mg0.3Ca 0.26 wt%Ca 60 0.26 wt% 22 16 573 4 293 43 19 
The solution heat treatment for each Mg-X alloy was carried out in a resistance furnace, in order to 
solutionize each alloying element. The cover gas (SF6 + CO2) was kept flowing into the furnace 
during the entire solution heat treatment process. Each Mg-X alloy was preheated to a temperature 
about 100 °C below the eutectic temperature (Mg0.1Zr, Mg1Mn, Mg0.3Si, Mg0.1Sr: 500 °C; 
Mg5Sn, Mg0.3Ca: 400 °C; and Mg5Zn: 300 °C), and held at this temperature for 6 hours. Then 
they were heated to a temperature slightly below the eutectic temperature (Mg0.1Zr: 570 °C; 
Mg1Mn, Mg0.3Si: 580 °C; Mg0.1Sr: 550 °C; Mg5Sn: 500 °C; Mg5Zn: 500 °C; and Mg0.3Ca: 
450 °C), held at this temperature for 42 h, and quenched into cold water.  
Cylindrical tensile specimens, with 5 mm diameter and a waisted 10 mm gauge length, were 
machined from the solution heat-treated ingots. The dimensions were similar to those of the 
specimens used in our previous SCC research [12]. The gauge surface was abraded with 1200 grit 
emery paper, washed by distilled water, and dried before use.  
The microstructure of each solution heat-treated Mg-X alloy was characterised using optical 
microscopy. Each specimen was ground with a succession of SiC papers to 1200 grit SiC paper, and 
etched using 3% nital, i.e. a solution that contained 3 mL HNO3, made up to 100 mL using ethanol.  
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2.2 Linearly Increasing Stress Tests    
The SCC behaviour of the Mg-X alloys (Mg0.1Zr, Mg1Mn, Mg0.1Sr, Mg0.3Si, Mg5Sn, Mg5Zn 
and Mg0.3Ca) was evaluated using linearly increasing stress tests (LISTs) in laboratory air and in 
distilled water (DW). The LIST apparatus has been described previously [33]. The specimen was 
attached to one end of a lever arm. On the opposite side of the lever arm, a moveable known mass 
was attached, and was driven by a synchronous motor from its equilibrium position at a linear rate. 
As a result, the tensile load applied to the specimen increased linearly. A LIST is a stress-controlled 
version of the constant extension rate test (CERT), and is identical to a CERT up to the onset of 
yielding, or the onset of subcritical crack growth [12].  
A direct current potential drop  technique was used to measure the apparent threshold stress at 
which subcritical cracking appeared to initiate, σth, if such occurred, or the yield stress, σy, as 
described by Atrens et al [33-40]. A constant current (~3A) was applied to the specimen for 
measuring the change of specimen resistance, R, as the cross section was reduced. The change in 
resistance of the specimen is given by  
R = ρl/ A                                                                                                                        (1) 
where A is the change in cross-section area, ρ is the resistivity and l is the length of the specimen 
[12]. The threshold stress, or the yield stress, was interpreted as being the point where the resistance 
began to increase at a faster rate with increasing stress. In the current research, the values of σy, σ
th and σUTS were evaluated as the applied engineering stress, using the original specimen cross-
sectional area of the specimen.  
The test environments were laboratory air, or distilled water (DW). All tests were conducted at 
open-circuit conditions. The applied stress rates were 7.0 × 10
-3
 MPa s
-1
 (in air), 7.0 × 10
-4
 MPa s
-1
 
(in DW) and 7.0 × 10
-5
 MPa s
-1
 (in DW). The applied engineering stress, S (in MPa), on the 
specimen is given by: 
A
d
S
13720
                                                                                                                        (2) 
where d (m) is the position of the moveable weight from the zero load condition, and A (mm
2
) is the 
specimen cross section of the gauge section. The numerical factor is dependent on the LIST 
apparatus design and includes the factors of the mass of the movable weight (14 kg in the current 
research), the mechanical advantage, and the acceleration due to gravity (9.8 N/kg). The ultimate 
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tensile stress, σUTS, was determined from the position of the movable weight at the end of each test, 
when the specimen fractured. The reduction of area, RA, was evaluated using: 
RA = %100
0
10 

A
AA
                                                                                                               (3) 
where A0 (mm
2) is the original specimen gauge area, and A1 is the measured minimum gauge area 
after the LIST . The elongation at fracture, LA, was evaluated using: 
LA = %100
0
01 

L
LL
 (4) 
where L0 (mm) is the original specimen gauge length, and L1 is the gauge length of the specimen 
after the LIST. 
    After each LIST, the specimen surfaces, and fracture surfaces, were observed using an optical 
microscope (OM), and scanning electron microscopy (SEM). The specimen was cleaned in the 
chromic acid cleaning solution for 2 min to remove corrosion products, rinsed using distilled water, 
and dried, before SEM examination. 
The LIST allows the following parameters to be obtained: (i) the yield stress,σy; or the threshold 
stress for SCC,σth; (ii) the ultimate tensile stress,σUTS, the reduction in area, RA and the elongation 
at fracture, LA; (iii) the crack propagation velocity, vc, which was determined from the crack length 
obtained from the fractography, and the time the crack propagated from the DCPD curve; (iv) the 
SCC susceptibility index (I) which was defined based on measured values of UTS:  
ISCC,UTS = σUTS, DW / σUTS, air                                                   (5) 
Similarly, a susceptibility index can be defined using yield or threshold stress as follows: 
ISCC,y(th) = σy(th), DW / σy(th), air                                                   (6) 
ISCC (i.e., ISCC, UTS  and ISCC, y(th) ) is low for systems with high SCC susceptibility, whereas I tends to 
be close to 1.0 for low susceptibility. 
3. Results 
3.1 Microstructure 
  Fig. 1 presents an overview of the microstructure of the solution-heat-treated, Mg-X alloys. These 
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micrographs were all cross-sections taken perpendicular to the long axis of the ingot. Figs. 1(a) and 
(b) show that Mg0.1Zr and Mg1Mn had large, elongated grains, and these microstructure were 
consistent with the growth of large grains from the edge of the ingot inward towards the centre of 
the ingot. Fig. 1(c) shows that Mg0.1Sr had large, equi-axed grains, indicating that there was grain 
nucleation throughout the cross-section of the ingot. Figs. 1(d), (e) and (g) show that Mg0.3Si, 
Mg5Sn and Mg0.3Ca had medium-sized grains, also indicating grain nucleation throughout the 
ingot. Fig. 1(f) shows that the grain boundaries were not clearly etched for Mg5Zn.  
  The SEM images of these solution-heat-treated Mg-X alloys, presented in our previous research 
[1], showed that each Mg-X alloy was mainly single phase, and contained some tiny particles 
dispersed fairly uniformly throughout the Mg-matrix phase, except for Mg0.3Si, in which the 
particles were preferentially distributed along the grain boundaries. 
 
Fig. 1 Microstructures of the solution heat-treated Mg-X alloys, as revealed by etching with 3% nital. 
3.2 LISTs 
   Fig. 2 presents typical potential drop data for the evaluation of the yield stress in air, or the 
threshold stress for SCC in distilled water. The direct current potential drop data were much noisier 
for Mg than for steels with which we also have significant experience. Experience indicates that the 
potential drop increases approximately linearly up to the threshold stress or yield stress whereupon 
the potential drop increases more rapidly. Consequently, the potential drop was fitted by eye with 
two linear lines as indicated on Fig. 2. The potential drop increased approximately with increasing 
stress, until the initiation of stress corrosion cracks, or at the onset of yielding. Potential drop data 
was successfully measured for all the alloys except for Mg1Mn.  
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Fig. 2 Typical plots of potential drop (mV) vs. engineering stress (MPa) for: Mg0.1Sr tested at 6.9 × 10
-3
 MPa s
-1 
in air, 
Mg5Sn tested at 6.9 × 10
-4
 MPa s
-1
in DW, and Mg5Zn tested at 6.9 × 10
-5
 MPa s
-1
in DW, which provides a measure of 
the specimen electrical resistance. 
  Tables 2 and 3 present the LIST results for the Mg-X alloys at three different stress rates, in air and 
in distilled water (DW). 
  Mg5Zn had the largest σy or σth at each stress rate and Mg0.1Sr had the lowest σy or σth. For 
each alloy, the specimen tested in air at the fastest stress rate (~7 × 10-3 MPa s-1) had the largest σy 
or σth. For the specimens tested in DW at the medium stress rate (~7 × 10
-4 MPa s-1), the σy or σth 
values for Mg0.1Zr, Mg5Zn and Mg0.3Ca were significantly lower than the corresponding values 
for the specimens tested in air; whilst the σy or σth values were comparable for Mg0.1Sr, Mg0.3Si 
and Mg5Sn. For the specimens tested in DW at the lowest applied stress rate (~7 × 10-5 MPa s-1), 
the σy or σth values for Mg0.1Zr, Mg5Sn and Mg5Zn were significantly smaller than the 
corresponding values for the specimens tested in DW at ~7 × 10-4 MPa s-1; the σy or σth values 
were similar or decreased somewhat for Mg0.1Sr and Mg0.3Si; and the σy or σth values were 
somewhat larger for Mg0.3Ca. 
  The ultimate tensile stress (σUTS) for all the Mg-X alloys, which shows trends similar to those for 
the yield stress or threshold stress. Mg5Zn and Mg1Mn had relatively larger σUTS at each applied 
stress rate, and Mg0.1Sr had the lowest value ofσUTS. For each alloy, the specimen tested in air at 
the fastest applied stress rate (~7.0 × 10-3 MPa s-1) had typically the largest σUTS. There was a 
considerable reduction in σUTS for the specimens tested in DW at a medium stress rate (~7.0 × 10
-4 
MPa s-1) for Mg1Mn, Mg5Zn and Mg0.3Ca; whilst the σUTS was similar (i.e. was within 
experimental error) or decreased slightly for Mg0.1Zr, Mg0.1Sr, Mg0.3Si and Mg5Sn. 
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 Table 2 LIST results for as-cast, solution-heat-treated, Mg0.1Zr, Mg1Mn, Mg0.1Sr, Mg0.3Si and Mg5Sn, in air and in 
distilled water (DW). 
Specimen Environment 
Stress Rate 
(MPa s-1) 
σy or σth 
(MPa) 
σUTS  
(MPa) 
RA  
(%) 
LA 
(%) 
Iy(th) IUTS 
Mg0.1Zr 
Air 
7.0 × 10
-3
 76 91 10 6 
1 1 
7.0 × 10
-3
 71 99 7 6 
DW 
7.0 × 10
-4
 63 86 6 4 
0.84 0.88 
7.0 × 10
-4
 61 81 8 5 
DW 
6.9 × 10
-5
 53 80 8 5 
0.72 0.81 
6.7 × 10
-5
 53 74 7 5 
         Mg1Mn 
Air 
7.1 × 10
-3
 - 118 7 5 
- 1 
7.1 × 10
-3
 - 136 8 6 
DW 
1.7 × 10
-3
 - 117 5 4 
- 0.95 
1.7 × 10
-3
 - 125 4 5 
DW 
1.2 × 10
-4
 - 96 3 5 
- 0.81 
1.2 × 10
-4
 - 110 4 4 
         Mg0.1Sr 
Air 
7.0 × 10
-3
 38 70 8 8 
1 1 
7.0 × 10
-3
 38 83 6 7 
DW 
6.8 × 10
-4
 35 81 10 9 
0.87 0.86 
6.9 × 10
-4
 31 50 7 7 
DW 
7.0 × 10
-5
 33 71 6 6 
0.87 0.85 
6.9 × 10
-5
 33 59 6 7 
         Mg0.3Si 
Air 
6.8 × 10
-3
 - 95 10 10 
1 1 
7.0 × 10
-3
 65 98 9 9 
DW 
7.0 × 10
-4
 64 113 10 9 
0.97 1.07 
7.0 × 10
-4
 62 94 10 10 
DW 
7.0 × 10
-5
 65 83 10 10 
0.98 0.88 
6.7 × 10
-5
 62 87 10 8 
         Mg5Sn 
Air 
7.0 × 10
-3
 66 118 5 6 
1 1 
7.0 × 10
-3
 59 103 6 6 
DW 
6.9 × 10
-4
 67 122 7 7 
1.01 1.02 
6.9 × 10
-4
 59 104 5 6 
DW 
6.9 × 10
-5
 53 66 2 3 
0.86 0.69 
6.7 × 10
-5
 55 88 3 4 
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Table 3 LIST results for as-cast, solution-heat-treated, Mg5Zn and Mg0.3Ca, in air and in distilled water (DW). 
Specimen Environment 
Stress 
Rate 
(MPa s-1) 
σy or σth 
(MPa) 
σUTS 
(MPa) 
RA  
(%) 
LA 
(%) 
vc  
(m s-1) 
Iy(th) IUTS 
Mg5Zn 
Air 
7.5 × 10
-3
 122 155 7 5 - 
1 1 
6.9 × 10
-3
 - 146 7 5 - 
DW 
7.0 × 10
-4
 - 102 4 4 - 
0.75 0.76 
7.0 × 10
-4
 92 128 7 5 - 
DW 
6.9 × 10
-5
 74 103 5 4 2.5 × 10
-9
 
0.61 0.69 
7.5 × 10
-5
 74 104 5 5 1.9 × 10
-9
 
          
Mg0.3Ca 
Air 
7.5 × 10
-3
 58 104 8 7 - 
1 1 
7.3 × 10
-3
 54 87 9 9 - 
DW 
7.4 × 10
-4
 33 77 9 6 1.2 × 10
-8
 
0.65 0.89 
7.5 × 10
-4
 40 93 7 5 9.0 × 10
-9
 
DW 
7.4 × 10
-5
 27 44 4 6 3.7 × 10
-9
 
0.64 0.73 
7.3 × 10
-5
 45 95 5 7 2.5 × 10
-9
 
For the specimens tested in DW at the lowest applied stress rate (~7.0 × 10-5 MPa s-1), the σUTS 
decreased significantly for Mg1Mn, Mg5Sn and Mg5Zn compared with the corresponding 
specimens tested in DW at ~7.0 × 10-4 MPa s-1; the σUTS decreased in a relatively small range for 
Mg0.1Zr, Mg0.1Sr and Mg0.3Si; and σUTS increased a bit for Mg0.3Ca. 
Mg5Zn and Mg0.3Ca had the lowest values of Iy and IUTS. The values of Iy and IUTS of each alloy 
tested in DW at the medium stress rate (~7.0 × 10-4 MPa s-1) were similar or somewhat larger than 
the values for specimens tested at the lower stress rate (~7.0 × 10-5 MPa s-1) in DW. Table 2 shows 
that all the Iy and IUTS values were larger than 0.6. 
  The area reduction, RA, and the elongation at fracture, LA, for all the specimens tested under 
different situations were all less than 10%. 
3.3 Surface appearance and fractography 
  Fig. 3 presents the surface appearance of Mg0.1Zr specimens tested in air or DW at different stress 
rates. Fig. 3 shows that: (i) there was no necking on the surface for all the specimens; (ii) there were 
surface cracks for all the specimens as indicated by the arrows; and (iii) the specimen tested in DW 
at 7.0 × 10-4 MPa s-1 had suffered only limited corrosion, and the specimen tested at 7.0 × 10-5 MPa 
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s-1 suffered some uniform corrosion. 
 
Fig. 3 Surface appearance of Mg0.1Zr specimens tested in: (a) air at 7.0 × 10-3 MPa s-1, (b) distilled water (DW) at 7.0 × 
10-4 MPa s-1, and (c) distilled water (DW) at 7.0 × 10-5 MPa s-1. 
  Fig. 4 presents the fractography for the solution heat-treated Mg0.1Zr alloy. Fig. 4(a) shows that 
the fracture surface of Mg0.1Zr tested in air, at a stress rate of 7.0 × 10-3 MPa s-1, consisted of some 
features consistent with inter-granular cracking, and trans-granular cracking due to mechanical 
overload. Figs. 4(b) shows the fracture surface of Mg0.1Zr tested in DW at a stress rate of 7.0 × 10-4 
MPa s-1. Fig. 4(b) revealed predominantly inter-granular cracking with some localized trans-
granular cracking due to mechanical overload such as region A. There were many smooth grain 
surfaces (region B) in Fig. 4(b). Fig. 4(c) shows the fracture surface of Mg0.1Zr tested in DW at the 
applied stress rate of 7.0 × 10-5 MPa s-1. Fig. 4(c) was quite similar to Fig. 4(b), and consisted of 
inter-granular cracking features with some localized trans-granular cracking due to mechanical 
overload. Fig. 4(c) indicates some minor cracks on the smooth grain surface (region C). 
 
Fig. 4 Fractography of Mg0.1Zr tested in: (a) air at 7.0 × 10-3 MPa s-1, (b) DW at 7.0 × 10-4 MPa s-1, and (c) DW at 7.0 
× 10-5 MPa s-1. 
  The surface appearance of Mg1Mn tested in air, or DW, at different applied stress rates indicated 
that there was no necking, or surface cracks, on the surface for all specimens. All the specimens 
tested in DW suffered only superficial corrosion. 
  Fig. 5 presents the fractography of the solution heat-treated Mg1Mn. Fig. 5(a) shows the fracture 
surface of Mg1Mn tested in air at a stress rate of 7.0 × 10-3 MPa s-1. The fracture surface consisted 
of inter-granular cracking features with some trans-granular cracking due to mechanical overload. 
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Fig. 5(b) shows the fracture surface of Mg1Mn tested in DW at a stress rate of 7.0 × 10-4 MPa s-1. 
Fig. 5(b) revealed predominantly inter-granular cracking features with a few trans-granular cracking 
due to mechanical overload, similar to the cracking in air. The smooth grain surface contained more 
second phase particles than the mechanical overload rupture. Fig. 5(c) shows the fracture surface of 
Mg1Mn tested in DW at a stress rate of 7.0 × 10-5 MPa s-1, which was mainly inter-granular 
cracking similar to that of the specimen tested in DW at a stress rate of 7.0 × 10-4 MPa s-1, and 
similar to the cracking of the specimen in air. 
 
Fig. 5 Fractography of Mg1Mn tested in: (a) air at 7.0 × 10-3 MPa s-1, (b) DW at 1.7 × 10-3 MPa s-1, and (c) DW at 1.2 × 
10-4 MPa s-1. 
  The surface and fracture appearance of Mg0.1Sr tested in air or DW at different applied stress 
rates was similar to that of Mg0.1Zr. There was no necking but there were surface cracks on the 
surface for all specimens. The specimen tested in DW at 6.8 × 10-4 MPa s-1 suffered superficial 
corrosion and the specimen at 7.0 × 10-5 MPa s-1 suffered some uniform corrosion.  
Fig. 6 presents the fractography for the solution-heat-treated Mg0.1Sr. Figs. 6(a) shows the 
fracture surface of Mg0.1Sr tested in air at a stress rate of 7.0 × 10-3 MPa S-1, which indicated that 
the specimen suffered trans-granular cracking due to mechanical overload. Figs. 6(b) shows the 
facture surface of Mg0.1Sr tested in DW at stress rate of 6.8 × 10-4 MPa s-1. The typical fracture 
surface revealed a mixture of trans-granular cracking and inter-granular cracking. Fig. 6(c) shows 
the facture surface of Mg0.1Sr tested in DW at a stress rate of 7.0 × 10-5 MPa s-1, which was similar 
to that of the specimen tested in DW at 6.8 × 10-4 MPa s-1, revealing a mixture of trans-granular 
cracking and inter-granular cracking.  
 
Fig. 6 Fractography of Mg0.1Sr tested in: (a) air at 7.0 × 10-3 MPa s-1, (b) DW at 6.8 × 10-4 MPa s-1, and (c) DW at 7.0 × 
10-5 MPa s-1. 
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  The surface appearance of Mg0.3Si tested in air or DW at different stress rates was similar to that 
of Mg0.1Zr and Mg0.1Sr (no necking and surface cracks on the surface for all specimens).  
Fig. 7 presents the fractography for solution-heat-treated Mg0.3Si. Fig. 7(a) shows an overview 
of the fracture surface of Mg0.1Sr tested in air at a stress rate of 7.0 × 10-3 MPa s-1, which consisted 
of trans-granular cracking due to mechanical overload, some dimples, and some inter-granular 
cracking. Fig. 7(b) shows an overview of the facture surface of Mg0.3Si tested in DW at a stress 
rate of 7.0 × 10-4 MPa s-1, which was similar to that of the specimen tested in air. There were some 
minor cracks in the fracture surface. Fig. 7(c) shows the facture surface of Mg0.1Sr tested in DW at 
a stress rate of 7.0 × 10-5 MPa s-1, which was similar to the specimens tested in air.  
 
Fig. 7 Fractography of Mg0.3Si tested in: (a) air at 7.0 × 10-3 MPa s-1, (b) DW at 7.0 × 10-4 MPa s-1, and (c) DW at 7.0 × 
10-5 MPa s-1. 
The surface appearance of Mg5Sn tested in air or DW at different applied stress rates, revealing 
that: (i) there was no necking on the surface for all specimens; (ii) there were surface cracks for all 
specimens; (iii) the specimen tested in DW at 6.9 × 10-4 MPa s-1 suffered superficial corrosion, and 
the specimen at 6.7 × 10-5 MPa s-1 suffered some uniform corrosion.  
Fig. 8 presents the fractography for solution-heat-treated Mg5Sn. Fig. 8(a) shows the fracture 
surface of Mg5Sn tested in air at a stress rate of 7.0 × 10-3 MPa s-1, which consisted of inter-
granular cracking features, and trans-granular cracking due to mechanical overload. Figs. 8(b) and 
(c) show the facture surface of Mg5Sn tested in DW at a stress rate of 6.9 × 10-4 MPa s-1. It was 
consisted of trans-granular cracking due to mechanical overload and inter-granular cracking. 
However, Fig. 8(b) revealed the trans-granular cracking feature which was different from the 
normal overload ruptures. There were some small grain areas on the fracture surface as shown in 
Fig. 8(c). The facture surface of Mg5Sn tested in DW at a stress rate of 6.7 × 10-5 MPa s-1 also 
shows the same features as in DW at a stress rate of 6.7 × 10-4 MPa s-1.  
  The surface appearance of Mg5Zn tested in air or DW at different stress rates indicated that no 
necking and surface cracks on the surface for all specimens.  
Fig. 9 presents the fractography for solution-heat-treated Mg5Zn tested in air at 7.5 × 10-3 MPa s-1, 
and in DW at 7.0 × 10-4 MPa s-1, respectively. Fig. 9(a) indicates that the fractography of Mg5Zn 
tested in air at 7.5 × 10-3 MPa s-1 consisted of trans-granular cracking due to mechanical overload, 
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river-like cleavage, and jagged features with small dimples. Fig. 9(b) shows the fracture surface of 
Mg5Zn tested in distilled water at a strain rate of 7.0 × 10-4 MPa s-1, which consisted of a large area 
of the trans-granular cracking surface, small dimples, and inter-granular cracking.  
Fig. 10 shows the fracture surface of Mg5Zn in distilled water at a strain rate of 7.0 × 10-5 MPa s-1, 
which consisted of three general smooth regions at the specimen surface marked A, B, C, and the 
rest dimpled such as part D. The three smooth regions were typical stress corrosion cracking 
features. The magnified region A shows that some regions near the gauge surface (such as region E) 
presents some traces of micro-voids, which became less obvious in the region far from the gauge 
surface (such as region F). The magnified region B and C presented smooth surface which was 
quite different from the surrounding part. However, there were no traces of micro-voids.  
 
Fig. 8 Fractography of Mg5Sn tested in: (a) air at 7.0 × 10-3 MPa s-1, and (b) (c) DW at 6.9 × 10-4 MPa s-1. 
 
Fig. 9 Fractography of Mg5Zn tested in: (a) air at 7.5 × 10-3 MPa s-1, and (b) DW at 7.0 × 10-4 MPa s-1.  
The surface appearance of Mg0.3Ca was similar to that of Mg5Zn, revealing that: (i) there was 
no necking but surface cracks on the surface for all specimens.  
Fig. 11(a) shows the fracture surface of Mg0.3Ca tested in air at a stress rate of 7.5 × 10-3 MPa s-
1, which consisted of inter-granular cracking features and trans-granular cracking due to mechanical 
overload. Figs. 11(b) and (c) show the facture surface of Mg0.3Ca tested in DW at a stress rate of 
7.5 × 10-4 MPa s-1. There were two smooth areas as indicated in Fig. 11(b), which were different 
from the remaining area. Figs. 11(c) revealed obvious trans-granular cracking due to SCC of region 
A in Fig. 11(b).  
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Fig. 10 Fractography of Mg5Zn tested in DW at 7.0 × 10-5 MPa s-1. 
  
 
Fig. 11 Fractography of Mg0.3Ca tested in: (a) air at 7.5 × 10-3 MPa s-1, and (b) (c) DW at 7.5 × 10-4 MPa s-1. 
 
Fig. 12 Fractography of Mg0.3Ca tested in DW at 7.4 × 10-5 MPa s-1 and 7.3 × 10-5 MPa s-1. 
Figs. 12(a), (b) and (c) show the facture surface of Mg0.3Ca tested in DW at an applied stress 
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rate of 7.4 × 10-5 MPa s-1. There was a large casting pore in the centre of the specimen. Figs. 12(a) 
and (b) show the smooth trans-granular cracking due to SCC as indicated as region A and B in Fig. 
12(a). Figs. 12(d) (e) and (f) show the facture surface of another Mg0.3Ca specimen tested in DW at 
a stress rate of 7.3 × 10-5 MPa s-1. There was a large area of trans-granular cracking due to SCC area 
as indicated by C in Fig. 12(d). The magnified area of region C as shown in Fig. 12(e) was quite 
different from the remaining area as shown in Fig. 12(f) (which was similar to that of the specimen 
tested in air as shown in Fig. 11(a)). 
4. Discussion 
4.1 Mechanical properties 
  Tables 2 and 3 present the mechanical properties for all the Mg-X alloys under different conditions. 
The area reduction, RA, and the elongation, LA, were all less than 10%. The surface appearance 
(such as Fig. 3 for Mg0.1Zr) showed that there was no necking for all specimens. The low ductility 
of these Mg-X alloys was attributed to: (i) Mg alloy have an hexagonal close packed crystal 
structure, and does not have enough slip planes at room temperature; and (ii) the specimens in the 
current research were from cast ingots, which contained some defects such as porosity in the gauge 
area. 
  Tables 2 and 3 show that the different alloys had different values of σy (σth) and σUTS. For 
example, Mg5Zn had the highest σy (σth) and σUTS for each test environment, whilst Mg0.1Sr has 
the lowest σy(σth) and σUTS. The different alloying elements had different influences on the 
mechanical properties of the Mg-X alloys, as on the corrosion behaviour [1]. The differences could 
be attributed to the different grain sizes, and to the solid solution strengthening. As SCC behaviour 
is the main subject of this study, the investigation into the influence on mechanical properties is 
beyond the scope of this research.  
4.2 SCC susceptibility 
  The SCC susceptibility indices (Iy and IUTS) were calculated based on particular mechanical 
property values measured using LISTs in the environment (DW) compared to their corresponding 
values in an inert environment (air) using Eqs. (5) and (6), in order to quantify the SCC 
susceptibility of the alloys. 
  Table 2 shows that the SCC susceptibility indices for Mg0.3Si and Mg5Sn were close to 1 in DW 
at a stress rate of 7.0 × 10-4 MPa s-1, which indicated that the specimen tested under this condition 
were almost immune to SCC, which was consistent with the research [26] that Si could improve the 
SCC resistance of Mg alloys. Table 2 also indicates that the SCC susceptibility indices for Mg0.1Zr, 
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Mg1Mn and Mg0.1Sr in DW at a stress rate 7.0 × 10-4 MPa s-1 were between 0.8 and 1, which 
meant that these alloys had a small susceptibility to SCC in DW at this stress rate. The susceptibility 
indices for Mg5Zn and Mg0.3Ca were relatively low indicating they were susceptible to SCC in 
DW at this stress rate.  
 For each alloy except Mg0.1Sr, the specimen tested in DW at lower stress rates (7.0 × 10-5 MPa s-1) 
had lower values of the SCC susceptibility indices, compared with specimens at the higher stress 
rates (7.0 × 10-4 MPa s-1), which indicated higher SCC susceptibility at lower stress rates. For 
Mg0.1Sr, there was almost no difference in the susceptibility index at the two different stress rates. 
Table 2 indicates that, at 7.0 × 10-5 MPa s-1, Mg0.1Zr, Mg1Mn, Mg0.1Sr and Mg0.3Si had medium 
susceptibility to SCC, and Mg5Sn, Mg5Zn and Mg0.3Ca had significant susceptibility to SCC. The 
susceptibility index was an average value for each alloy, which revealed the SCC behaviour quite 
well for each alloy except for Mg5Sn and Mg0.3Ca under each LIST testing environment. For 
Mg5Sn, one specimen tested in DW at 6.9 × 10-5 MPa s-1 had some defect (casting pore or slag) 
which reduced the σUTS significantly, probably also reduced σy to some degree. Therefore, the 
susceptibility index IUTS (and probably Iy) was lower than the real value. For Mg0.3Ca, it was the 
same case as with Mg5Sn. There was a large pore in a specimen tested in DW at 7.4 × 10-5 MPa s-1 
as shown in Fig. 12(a), which reduced the σUTS significantly, and probably also reduced σy to 
some degree. Therefore, the IUTS (and probably Iy) was lower than that at the applied stress rate of 
7.0 × 10-4 MPa s-1. The other specimen of Mg0.3Ca tested at 7.4 × 10-5 MPa s-1 had a slightly higher 
σy and σUTS than that of the specimen at 7.4 × 10
-5 MPa s-1. Furthermore, the stress corrosion 
crack propagation rate shown in Table 3 for the Mg0.3Ca specimen tested at 7.4 × 10-5 MPa s-1 was 
lower than that of the specimens tested at an applied stress rate of 7.4 × 10-4 MPa s-1. Therefore, for 
Mg0.3Ca, the specimen tested in DW at 7.4 × 10-4 MPa s-1 was more susceptible to SCC than the 
specimen tested in DW at 7.4 × 10-5 MPa s-1, though Fig. 12(d) shows that the specimen tested at 
7.4 × 10-5 MPa s-1 had a larger SCC area and suffered more SCC. This was attributed to the fact that 
the lower stress rate provided much more time for the hydrogen to react with Mg before it cracked 
due to mechanical overload. The stress corrosion crack propagation velocity provided a more 
accurate evaluation of SCC susceptibility than the susceptibility index, which was affected by the 
defects. Therefore, the crack propagation velocity, vc, was also a significant and useful parameter to 
evaluate the SCC susceptibility as vc seems to be less influenced by defects. 
  The influence of the applied stress rate on SCC susceptibility was attributed to the combined effect 
of film breakage and hydrogen diffusion processes during the test. The stress imposed two 
influences on the specimen: breaking the surface film and accelerating hydrogen diffusion. A higher 
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applied stress rate broke the film on the crack surface easily and quickly, but provided less time for 
the hydrogen to diffuse or absorb at or ahead of the crack tip. A lower stress rate may break the film 
on the crack surface slowly; however it would provide more time for the hydrogen to diffuse, and 
would allow the hydrogen to react with the metal bond. Therefore, an alloy was most susceptible at 
such an appropriate stress rate, which can break the film easily and provide enough time for the 
hydrogen to diffuse. In the current research, Mg0.1Zr, Mg1Mn, Mg0.3Si, Mg5Sn and Mg5Zn were 
more susceptible to SCC under the lower stress rate (7.0 × 10-5 MPa s-1), which might be attributed 
to the lower hydrogen diffusivity in these alloys. The SCC susceptibility was independent of stress 
rates for Mg0.1Sr. Only Mg0.3Ca was more susceptible to SCC under the relatively higher stress 
rate (7.4 × 10-4 MPa s-1) which might be attributed to the protective film on the Mg alloy surface. 
4.3 Fractography and mechanism  
  Tables 2 and 3 indicate that all the Mg-X alloys in DW (except for Mg0.3Si and Mg5Sn at 7.0 × 
10-4 MPa s-1) suffered SCC to some degree. However, the fractography of each alloy indicated that 
these alloys did not crack in the same mode. 
  For Mg0.1Zr and Mg1Mn, the specimen tested in air suffered a mixture of inter-granular cracking, 
and trans-granular cracking due to mechanical overload as shown in Fig. 4(a) and Fig. 5(a). 
Compared to the specimens tested in air, the specimens tested in DW suffered predominantly inter-
granular cracking such as shown in Fig. 4(b), and Fig. 5(b). The inter-granular features of Mg0.1Zr 
and Mg1Mn were consistent with the microstructure shown in Fig. 1(a) and (b), respectively. The 
difference between the specimens tested in air and DW was attributed to the influence of hydrogen 
in DW. With the help of stress, hydrogen diffused and preferred to accumulate at the grain 
boundaries, reducing the metal-metal bond of the alloy. As a result, the crack propagated along the 
grain boundaries although some of them were not perpendicular to the load direction. The 
fractographic features of Mg0.1Zr and Mg1Mn were consistent with the mechanism of HEDE [17-
19], which was also consistent with the research of Stampella et al. [39] who reported that SCC for 
larger grained magnesium SCC was of mixed inter-granular and trans-granular cracking. The trans-
granular features on the fracture surface of the DW specimens were also consistent with the 
mechanical overload rupture, which was the same as that in the air specimen. For Mg0.1Zr, there 
were minor steps in the specimen tested in DW at a stress rate of 7.0 × 10-4 MPa s-1 and minor 
cracks in that tested at 6.7 × 10-5 MPa s-1. The difference was attributed to the specimen at the lower 
stress rate providing a longer time for hydrogen accumulated at the steps. As a result, more 
hydrogen accumulated and reduced the cohesive force between the steps and made them crack 
under the focused stresses. For Mg1Mn, there were more particles on the smooth grain surface than 
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on the trans-granular cracking surface due to mechanical overload, which was probably because the 
second phase particles reduced the cohesive force between the grains by introducing more hydrogen 
around the particles. 
  For Mg0.1Sr, the specimen tested in air mainly suffered trans-granular cracking due to mechanical 
overload as shown in Fig. 6(a). The fractography of the specimens tested in DW at different stress 
rates was similar, consistent with that the susceptibility was independent of the stress rates. The 
fractography all consisted of trans-granular cracking and inter-granular cracking. The occurrence of 
inter-granular cracking was attributed to hydrogen in DW, which accumulated and reduced the 
cohesive force between the grains.  
  For Mg0.3Si, the specimen tested in air and DW showed similar fractography, which consisted of 
trans-granular cracking due to mechanical overload, some dimples and inter-granular cracking. 
There was no significant difference between the specimens tested in air and DW at different stress 
rates, which was attributed to the alloying element Si, which improved the SCC resistance. As a 
result, the Mg0.3Si only suffered a small amount of SCC in DW even under the low stress rate of 
7.0 × 10-5 MPa s-1.  
  For Mg5Sn, the specimen tested in air revealed a mixture of inter-granular cracking and trans-
granular cracking due to mechanical overload. The fractography of the specimen tested in DW at an 
applied stress rate of 6.9 × 10-4 MPa s-1 was somewhat different from the specimen tested in air. Fig. 
8(b) shows a large generally smooth area, which was not present in the specimen tested in air. There 
were many small grain areas and some inter-granular cracking features distributed throughout the 
fractography. The fracture surface of the specimen tested in DW at 6.7 × 10-5 MPa s-1 was similar 
with that of the specimen tested in DW at 6.9 × 10-4 MPa s-1, which contained trans-granular 
cracking due to mechanical overload and small grain areas. There were also some obvious inter-
granular cracking features present on the crack surface of the specimen tested in DW at 6.7 × 10-5 
MPa s-1, which was absent on specimens tested at other stress rates. The occurrence of the inter-
granular stress cracking was attributed to the hydrogen, which induced preferential cracking along 
the grain boundaries.  
  The SCC behaviour of Mg0.1Sr (tested in DW at 6.8 × 10-4 MPa s-1 and 7.0 × 10-5 MPa s-1), 
Mg0.3Si (tested in DW at 7.0 × 10-5 MPa s-1), and Mg5Sn (tested in DW at 6.7 × 10-5 MPa s-1) was 
all related to inter-granular cracking, which was attributed to the influence of hydrogen in DW. The 
mechanism was most probably HEDE.  
  For the Mg5Zn specimen tested in air, the cracking was attributed to mechanical overload. The 
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specimen tested in DW at the stress rate of 7.0 × 10-4 MPa s-1 revealed features similar to those of 
the specimen tested in air. The fracture was also mainly caused by mechanical overload. However, 
there was one obvious difference in that the specimen tested in DW at 7.0 × 10-4 MPa s-1 contained 
one large smooth area, which was probably attributed to an original inherent defect in the specimen 
produced during casting before the LIST, probably with the function of hydrogen during the test. 
Although the susceptibility index of Mg5Zn tested in DW at 7.0 × 10-4 MPa s-1 was about 0.75, 
there was no obvious SCC in the fractography.  
Fig. 10 shows the obvious regions of trans-granular cracking due to SCC in the Mg5Zn specimen 
tested in DW at stress rate of 7.0 × 10-5 MPa s-1. The Mg5Zn specimen tested in this condition was 
rather susceptible to SCC, which was also indicated by both Iy and IUTS. The crack propagation 
velocity was about 2 × 10-9 m s-1, which was consistent with the reported values for Zn containing 
Mg alloys [9]. This was attributed to the influence of Zn on the hydrogen diffusivity in the Mg 
matrix. The traces of micro-voids of region E in Fig. 10 indicated that the SCC mechanism of 
Mg5Zn was probably HELP [18, 20-22]. There were no micro-voids traces in the SCC region B and 
region C, which was probably that the micro-void was too small to be observed by SEM or the 
Mg5Zn cracked through another mechanism such as HEDE or DHC. Region D in Fig. 10 indicated 
that the remaining parts of the specimen besides the SCC regions cracked mainly because of 
mechanical overload. 
  For Mg0.3Ca, the specimen tested in DW at a stress rate of 7.5 × 10-4 MPa s-1 revealed different 
features compared with that of the specimen tested in air at 7.5 × 10-3 MPa s-1. Close to the gauge 
surface, there was obvious trans-granular cracking due to SCC features such as region A in Fig. 
11(b). The crack propagation velocity was about 9.0 × 10-9 m s-1. Fig. 12 shows the obvious trans-
granular cracking due to SCC regions in the Mg0.3Ca specimen tested in DW at 7.4 × 10-5 MPa s-1. 
The first specimen contained a smaller SCC region associated with the large casting pore, which 
made the specimen crack soon after the initiation of the SCC cracking. However, the crack 
propagation velocity was similar with that of the other specimen tested in the same condition. This 
indicated that the SCC crack propagation velocity was independent of the amount of casting 
porosity, but was related to the alloying elements and to the stress rate. When the SCC reached the 
critical length, the specimen cracked instantly due to mechanical overload. The mechanism for 
Mg0.3Ca was HELP and HEDE, also with the possibility of AIDE. 
4.4 Hydrogen trapping 
  In the current study, the specimens tested in air (Mg0.1Zr, Mg1Mn, Mg5Sn and Mg5Zn) cracked 
generally perpendicular to the stress loading direction as this plane had the largest normal stress. 
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The specimens tested in DW mainly cracked perpendicular to the stress loading direction. However, 
there were some areas that did not. For example, Figs. 4(b) and (c) showed that Mg0.1Zr in DW 
preferred to crack along the grain boundaries, although the direction was perpendicular to the load 
direction. Fig. 5 shows the same case for Mg1Mn. In addition, Mg5Sn indicated that there were 
more particles shown on the smooth grain surface than on the fractures in air. Mg5Sn indicated that 
there were more small grain areas for the specimen in DW than the specimen in air. Some inter-
granular cracking occurred during the test at the low stress rate. The specimen of Mg5Zn tested in 
DW contained a defective feature as shown in Fig. 9(b). All these were attributed to the hydrogen 
trapping [9]. Hydrogen atoms in DW were easily to be trapped and accumulated at solute atoms, 
second phase particles, grain boundaries, phase boundaries and defects with the help of stress. The 
trapped hydrogen reacted with the metal bond, making them easy to break. That was the reason why 
the specimens tested in DW preferred to crack at these locations. 
  Table 4 provides the summary of the fracture features of all the Mg-X alloys and the SCC 
mechanisms. 
Table 4 Fracture features and proposal SCC mechanisms of Mg-X alloys 
Specime
n 
Environment 
(MPa s-1) 
Description in results part Description in discussion part 
Mechani
sm 
Mg0.1Zr 
Air 
7.0 × 10-3 
Inter-granular cracking, and trans-
granular cracking due to 
mechanical overload 
Mixture of inter-granular 
cracking, and trans-granular 
cracking due to mechanical 
overload 
- 
DW 
7.0 × 10-4 
Inter-granular cracking with some 
localized trans-granular cracking 
due to mechanical overload 
Predominantly inter-granular 
cracking 
HEDE 
DW 
6.9 × 10-5 
Inter-granular cracking with some 
localized trans-granular cracking 
due to mechanical overload 
Predominantly inter-granular 
cracking 
HEDE 
     Mg1Mn 
Air 
7.1 × 10-3 
Inter-granular cracking features 
with trans-granular cracking due 
to mechanical overload 
Mixture of inter-granular 
cracking, and trans-granular 
cracking due to mechanical 
overload 
- 
DW 
1.7 × 10-3 
Predominantly inter-granular 
cracking features with a few trans-
granular cracking due to 
mechanical overload 
Predominantly inter-granular 
cracking 
HEDE  
DW 
1.2 × 10-4 
Mainly inter-granular cracking 
Predominantly inter-granular 
cracking 
HEDE  
     Mg0.1Sr Air 
7.0 × 10-3 
Trans-granular cracking due to 
mechanical overload 
Trans-granular cracking  
DW 
6.9 × 10-4 
Mixture of trans-granular cracking 
and inter-granular cracking 
Trans-granular cracking and 
inter-granular cracking 
HEDE  
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DW 
7.0 × 10-5 
Mixture of trans-granular cracking 
and inter-granular cracking 
Trans-granular cracking and 
inter-granular cracking 
HEDE  
     Mg0.3Si 
Air 
7.0 × 10-3 
Trans-granular cracking, some 
dimples and inter-granular 
cracking 
Trans-granular cracking due to 
mechanical overload, some 
dimples and inter-granular 
cracking 
 
DW 
7.0 × 10-4 
Trans-granular cracking, some 
dimples and inter-granular 
cracking 
Trans-granular cracking due to 
mechanical overload and inter-
granular cracking 
 
DW 
7.0 × 10-5 
Trans-granular cracking, some 
dimples and inter-granular 
cracking 
Trans-granular cracking due to 
mechanical overload, some 
dimples and inter-granular 
cracking 
HEDE 
     Mg5Sn 
Air 
7.0 × 10-3 
Inter-granular cracking features, 
and trans-granular cracking due to 
mechanical overload 
Mixture of inter-granular 
cracking and trans-granular 
cracking due to mechanical 
overload 
 
DW 
6.9 × 10-4 
Trans-granular cracking due to 
mechanical overload + inter-
granular cracking + trans-granular 
cracking different from that 
caused by mechanical overload 
Trans-granular cracking and 
small grain areas and some inter-
granular cracking 
 
DW 
6.9 × 10-5 
Same features as in DW at × 10-4 
MPa s-1 
Trans-granular cracking and 
small grain areas, and some 
obvious inter-granular cracking 
HEDE 
     
Mg5Zn 
Air 
7.0 × 10-3 
Trans-granular cracking due to 
mechanical overload, river-like 
cleavage, and jagged feature with 
small dimples 
Cracking due to mechanical 
overload 
 
 
DW 
7.0 × 10-4 
Large area of the trans-granular 
cracking surface, small dimples, 
and inter-granular cracking 
A large smooth area and cracking 
due to mechanical overload  
 
 
DW 
7.0 × 10-5 
Typical stress corrosion cracking 
Cracking due to mechanical 
overload and trans-granular 
cracking due to SCC 
HELP 
(HEDE 
or DHC) 
     
Mg0.3Ca 
Air 
7.3 × 10-3 
Inter-granular cracking features 
and trans-granular cracking due to 
mechanical overload 
  
 
DW 
7.4 × 10-4 
Trans-granular cracking due to 
SCC 
Trans-granular cracking due to 
SCC 
HELP 
+HEDE 
with 
AIDE 
 
DW 
7.4 × 10-5 
Smooth Trans-granular cracking 
due to SCC 
Trans-granular cracking due to 
SCC 
HELP + 
HEDE 
with 
AIDE 
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5. Conclusions 
1. There was no necking for all specimens of each Mg-X alloy, tested in air and in distilled water 
(DW). The low ductility was attributed to the crystal structure of the Mg alloy and the defects in 
the specimen. 
2. The SCC susceptibility was related to the stress rate for all the Mg-X alloys except Mg0.1Sr. 
The Mg0.1Zr, Mg1Mn, Mg0.3Si, Mg5Sn and Mg5Zn were more susceptible to SCC at the 
lower stress rate (7.0 × 10-5 MPa s-1), which was attributed to the low hydrogen diffusivity, and 
greater time for cracking. Only Mg0.3Ca was more susceptible to SCC under the relatively 
higher stress rate (7.4 × 10-4 MPa s-1). For Mg0.1Sr, the susceptibility was independent of stress 
rate.  
3. In DW at a stress rate of 7.0 × 10-4 MPa s-1, Mg0.3Si and Mg5Sn were immune to SCC; 
Mg0.1Zr, Mg1Mn and Mg0.1Sr suffered medium SCC; Mg5Zn and Mg0.3Ca suffered 
relatively more serious SCC. In DW at ~7.0 × 10-5 MPa s-1, Mg5Zn and Mg0.3Ca suffered 
serious trans-granular SCC, whilst the other Mg-X alloys suffered medium SCC. 
4. The SCC mechanism for Mg0.1Zr, Mg1Mn, Mg0.1Sr, Mg0.3Si and Mg5Sn was most probably 
HEDE, and probably HELP for Mg5Zn. The SCC mechanism for Mg0.3Ca was HEDE and 
HELP, and also with the possibility of AIDE. 
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Abstract 
  The stress corrosion cracking (SCC) behaviour of hot-rolled Mg0.1Zr, Mg0.1Sr, Mg1Mn, Mg0.3Si, 
Mg5Sn, Mg0.7La, Mg0.9Ce, Mg0.6Nd, Mg6Al, Mg5Gd and Mg0.3Ca in distilled water (DW) was 
studied using the linearly increasing stress test (LIST). The hot-rolled Mg1Mn and Mg0.7La had some 
SCC susceptibility in DW. All the other hot-rolled Mg-X alloys had little SCC susceptibility in DW. 
The increase of SCC resistance by hot-rolling was related to improvement of the microstructure. There 
was no obvious difference of the fractography between the specimens tested in air and in DW. 
Keywords: A. Magnesium; B. SEM; C. Hydrogen embrittlement; C. Stress corrosion. 
1. Introduction 
Magnesium (Mg) alloys are attractive for light-weight applications due to their high strength-to-
weight ratio. In consumer electronics and power tools, it is important to reduce weight for carrying 
convenience [1]. In the automobile and aerospace industry, weight reduction directly decreases fuel 
consumption and CO2 emissions, which are of significance in the current era. However, the poor 
resistance of Mg alloys to corrosion [2-11] and stress corrosion cracking (SCC) [12-20] limits these 
service applications.  
Winzer et al. [14, 16, 17] showed that stress corrosion cracking of Mg-Al alloys occurs in distilled 
water. This indicated that there is no requirement for a particular deleterious species like chloride ions 
to cause stress corrosion cracking. Distilled water by itself is sufficient. Similarly, Bobby Kannan et al 
[21] found that ZE41, QE22 and EV31A were susceptible to stress corrosion cracking in distilled water, 
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and Shi et al [22] found that ultra-high-purity Mg5Zn suffered stress corrosion cracking in distilled 
water. 
It is well established [15, 17-20, 23, 24] that hydrogen plays an important role in the mechanism of 
the SCC of Mg alloys. Kappes et al [25] found that AZ31B round tensile specimens, tested in air, 
immediately after an open circuit potential (OCP) exposure to 0.01 M NaCl at 30 °C for 96 hours, 
showed an obvious annular SCC region. The width of this region was a function of the OCP pre-
exposure time and was controlled by hydrogen diffusion, similar to the results of the same system 
reported by Song et al [23] and Kappatos et al [26]. Kappes et al [25] also indicated the ductility loss, 
due to the occurrence of SCC, could be partially recovered with dry air exposure, which allowed 
hydrogen egress from the specimens. 
  Microstructure is also a significant factor in the occurrence of SCC of Mg alloys. Key features of the 
microstructure, such as β -phase particles, have received wide attention to understand their 
contribution to the SCC of Mg-Al alloys [16, 27]. β-phase particles can act as H trapping sites and 
crack nucleation sites. Some defects and inclusions may also act as H trapping sites, and can influence 
the SCC behaviour of Mg alloys [28]. β particles may also initiate SCC by their propensity to cause 
adjacent localized corrosion [27-29]. Localized dissolution sites may initiate SCC by the combination 
of stress concentration, cathodically produced H and a film-free surface for easy H ingress. Currently, 
most research on Mg SCC has focused on commercial Mg alloys, especially the Mg-Al system, which 
contains considerable β phase. The SCC research on single-phase Mg alloy has been limited. 
A number of studies have been carried to study the SCC behaviour of Mg alloys. Uematsu et al [30] 
found that the crack propagation rate of SCC of the wrought AZ31 accelerated with increasing chloride 
concentration of the solution due to the enhanced anodic dissolution by chloride ions. Raja and Padekar 
[31] also studied the role of chlorides on the SCC behaviour of an Mg-Mn hot rolled alloy and found 
hydrogen embrittlement both in the presence and in the absence of chlorides. Chloride ions could 
damage the passive film, cause pitting and increase the hydrogen embrittlement tendency of the Mg 
alloy. Padekar et al [12] found a rare-earth containing Mg-Mn hot-rolled alloy showed TG stress 
corrosion cracking involving hydrogen in 0.1 M NaCl solution saturated with Mg(OH)2. Padekar et al 
[13] reported that a rare-earth containing Mg alloy EV31A was considered essentially immune to SCC 
in constant load tests in 0.1 M NaCl solution saturated with Mg(OH)2, attributed to the robust film on 
the specimen surface. Padekar et al [32] found that AZ91E and EV31A suffered TG cracking in 
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distilled water, whereas EV31A suffered mixed IG and TG cracking in the chloride environment. Wang 
et al [33] found that the extruded Mg-7%Gd-5%Y-1%Nd-0.5%Zr (EW75) alloy was susceptible to 
SCC when the strain rate was lower than 5 × 10
-6
 s
-1
 in 3.5 wt.% NaCl solution. Li et al [34] found that 
laser shock processing improved the SCC resistance of AZ31 Mg in 3.5% NCl solution. Furthermore, 
some research on Mg SCC for bio-implant applications has also been conducted [35-37]. Choudhary et 
al [37] found that the aluminium-free magnesium alloys ZX50,WZ21 and WE43 were susceptible to 
stress corrosion cracking in a simulated human body fluid. 
The influence of grain size on SCC behaviour of Mg alloy has also been widely studied [19]. Most 
research has focused on the grain size influence on the form of crack propagation, inter-granular (IG) 
cracking or transgranular (TG) cracking. Stampella et al [38] found TG cracking for 99.5% pure, fine-
grain size (25 µm) Mg, and mixed TG-IG cracking for 99.9% pure Mg of 75 µm grain size. The IG 
cracking was attributed to the fact that the large grains suffered higher stresses across grain boundaries 
due to more concentrated dislocation pile-ups. In contrast, Meletis and Hochman [39] observed TG 
cracking in coarse grain 99.9% pure Mg. Casajus and Winzer [29] studied the stress corrosion crack 
propagation in hot-rolled AZ31 Mg, and found that crack propagation through fine-grained, 
recrystallized regions was IG, whereas crack propagation through larger, original grains was TG. Cao 
et al [20] found the large grain (>400 um) Mg0.1Zr and Mg1Mn suffered IG SCC in distilled water. 
Thus, so far, there has been no agreement on the grain size influence on the crack propagation format.  
Some studies [4, 40-46] have suggested that grain refinement can improve the corrosion resistance of 
Mg and its alloys. However, research on the influence of grain refinement on SCC behaviour has been 
limited. Argade et al [47] found that the finer grain AZ31 had higher SCC susceptibility, attributed to 
the enhanced hydrogen diffusivity. The kinetics of hydrogen diffusion through grain boundaries was 
expected to be higher, and the finer grain microstructure had higher grain boundary area per unit 
volume of microstructure.  
The current research is one of our series on the corrosion and the SCC behaviour of binary Mg-X 
alloys [3, 4, 20]. Our previous research [4] studied the influence of the microstructure on the corrosion 
behaviour of hot-rolled Mg-X alloys. The hot-rolled Mg-X alloys were all single-phase, with some tiny 
particles distributed in the matrix. The grain size was between about 10-40 µm. All the hot-rolled Mg-
X alloys (except for Mg0.1Zr and Mg0.3Si) had a better corrosion resistance than that of the as-cast 
Mg-X alloys. 
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  The aim of the current research was to understand the influence of alloying elements and hot rolling 
on the SCC behaviour of these Mg-X alloys (X = Zr, Sr, Mn, Si, Sn, La, Ce, Nd, Al, Gd, Ca). 
2. Experimental methods 
2.1 Materials and specimens 
The hot rolled Mg-X alloys were produced as described previously [3, 4, 48]. High-purity Mg (99.9 
wt.%) was melted in an aluminium titanate crucible, followed by the addition of the element X (as 
commercial-purity metal or as master alloy). About 150 ppm Zr was added to purify the molten alloy, 
which was kept at 670 °C for an hour to allow the combination of Zr with Fe and for the Fe2Zr particles 
to settle down to the bottom of the melt. The top part of the molten Mg-X alloy was cast into round 
steel moulds (22 mm in diameter and about 200 mm long) and cooled to room temperature. Each Mg-X 
ingot was cut into two rectangular slabs, annealed at 500 °C in argon for 5 h, air cooled, heated to 
430 °C, and hot rolled from 20 mm to 3 mm in 8 passes; with approximately 20% reduction per pass 
and with 20 min reheating between passes. Table 1 presents the chemical composition of these alloys, 
analysed by optical emission spectroscopy (ICP-OES) by the Analytical Services Unit at the School of 
Agricultural and Food Sciences, The University of Queensland. 
Flat tensile specimens, with 2 mm thickness, 3 mm or 4 mm width and a waisted 13 mm gauge length, 
were machined from the hot rolled sheets. The gauge surface was lightly abraded with 1200 grit emery 
paper, washed by distilled water and dried before use.  
Table 1 Chemical composition of each Mg-X alloy, in wt ppm 
Alloy X Al Ca Cu Fe Mn Ni Si Zn Zr 
Mg0.1Zr 1317Zr 54 33 19 16 357 3 739 43 1317 
Mg0.1Sr 1066Sr 105 22 28 25 435 9 473 50 34 
Mg1Mn 11338Mn 95 62 11 0 11338 2 100 36 42 
Mg0.3Si 2774Si 51 34 23 25 419 29 2774 42 34 
Mg5Sn 50461Sn 239 27 25 25 412 7 260 48 147 
Mg0.7La 6992La 127 45 24 48 560 9 406 67 158 
Mg0.9Ce 8894Ce 99 14 17 16 550 11 45 113 324 
Mg0.6Nd 5764Nd 83 73 32 68 451 5 374 47 712 
Mg6Al 55723Al 55723 26 29 41 463 55 256 76 225 
Mg5Gd 49157Gd 260 207 25 222 446 14 688 67 373 
Mg0.3Ca 2615Ca 60 2615 22 16 573 4 293 43 19 
 2.2 Linearly Increasing Stress Tests (LISTs) 
  The SCC behaviour of the hot-rolled Mg-X alloys (Mg0.1Zr, Mg0.1Sr, Mg1Mn, Mg0.3Si, Mg5Sn, 
Mg0.7La, Mg0.9Ce, Mg0.6Nd, Mg6Al, Mg5Gd and Mg0.3Ca) was studied using linearly increasing 
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stress tests (LISTs) [49] in laboratory air and in distilled water (DW), as in our prior studies of the SCC 
of Mg alloys [20, 22]. The specimen was at one end of a lever arm, while on the other side there was a 
moveable known mass, driven away from the equilibrium position by a synchronous motor at a linear 
rate. As a result, the tensile load applied to the specimen increased at a linear rate. A LIST is identical 
to a constant extension rate test (CERT) up to the onset of yielding, or subcritical crack growth [16].  
The test conditions were laboratory air, or distilled water (DW) at the open-circuit potential. The 
distilled water was from the inbuilt supply to our laboratory in the Advanced Engineering Building, 
The University of Queensland. The distilled water is produced by reverse osmosis, and is periodically 
checked to ensure that the purity is within specification, that the resistivity be greater than 15 MΩ cm. 
The same synchronous motors were used as in our prior studies of the SCC of Mg alloys [20]. The 
resulting applied stress rates used in this research were 1.8-2.5 × 10
-2
 MPa s
-1
 for LISTs in air and 1.8-
2.5 × 10
-3
 MPa s
-1
 for LISTs in DW. These applied stress rates corresponded to strain rate rates of 2.6-
3.5 × 10
-6
 s
-1
 and 2.6-3.5 × 10
-7
 s
-1
 in the initial elastic part of the test. Hydrogen embrittlement is 
known to be dependent on loading rate, so that a lower applied stress rate is able to probe more 
penetratingly for HE. 
The applied engineering stress, σ (in MPa), on the specimen is given by [49, 50]: 
  σ = 
      
 
                                                                                                                      (1) 
where d (in metre) is the position of the moveable weight from the zero load condition and A (mm
2
) is 
the specimen cross section area of the gauge section. The threshold stress and the ultimate tensile stress 
have been reported as the applied engineering stress, using the original specimen cross-section area, as 
in our prior work [22, 51]. The ultimate tensile stress, σUTS, was determined from the position of the 
movable weight at the end of each test, when the specimen fractured. The reduction of area, RA, was 
evaluated from the original specimen gauge diameter, and the measured minimum diameter after each 
test. The elongation at fracture, ef, was evaluated from the original specimen gauge length and the 
gauge length of the specimen after the LIST. 
  The direct current potential drop (DCPD) technique was used to measure the apparent threshold stress 
at which subcritical cracking appeared to initiate, σth, if such occurred, or the yield stress, σy.  A 
constant current (3A) was applied to the specimen and the potential was measured by a DAQ card. The 
threshold stress or the yield stress was interpreted as the point where the potential significantly 
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changed. The bottom of the specimen loading train was electrically isolated from the frame of the LIST 
apparatus by a nylon sleeve around the load pin. The specimen electrical resistance as measured loaded 
in the LIST apparatus was routinely compared with the electrical resistance of a comparable dummy 
specimen on the lab bench. The two resistance values have been comparable indicating that the 
electrical isolation of the loaded specimen in the LIST apparatus is effective. 
    After the LIST test, the specimen surface and fracture surface were examined using an optical 
microscope (OM), and using scanning electron microscopy (SEM), after cleaning the specimen in the 
standard chromic acid cleaning solution for 2 min to remove the corrosion products. 
The SCC susceptibility indices (I), used to characterise the SCC resistance, were evaluated, based on 
the measured values of σUTS orσy(th), as follows:  
I
SCC,UTS
=
s
UTS,DW
s
UTS,air
          (2) 
I
SCC,y th( )
=
s
y th( ),DW
s
y th( ),air
          (3) 
ISCC  (i.e., ISCC, UTS and ISCC, y(th) ) is low for systems with high SCC susceptibility, whereas I tends to be 
close to 1.0 for low susceptibility. 
3. Results 
3.1. Microstructure 
The microstructure of the solution-heat-treated as-cast alloys and hot-rolled alloys has been included in 
our previous research [4, 20] and also included in the previous chapters in thesis: (i) In Chapter 3, Fig. 
1 includes the SEM images of the solution-heat-treated alloy, and in Chapter 6, Fig. 1 includes the 
optical micrograph of the solution-heat-treated alloy. (ii) In Chapter 4, Fig. 3 and Fig. 4 includes the 
optical micrograph and SEM images of the hot-rolled alloys. 
Our previous research [4, 20] indicated that the microstructure of the hot-rolled Mg alloys was much 
finer and more homogeneous than that of the corresponding as-cast and solution-heat-treated as-cast 
Mg-X alloys. Except for Mg5Sn, the grain size of all hot-rolled Mg-X alloys was in the range between 
9 µm to 23 µm, similar to the hot-rolled AZ31 [41, 52]. The grain size of hot-rolled Mg5Sn was 49 µm. 
The microstructure revealed by SEM indicated that hot-rolled Mg1Mn, Mg5Sn, Mg0.7La, Mg0.9Ce, 
Mg0.6Nd and Mg5Gd still contained considerable amounts of second-phase particles, but less than the 
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corresponding as-cast Mg-X alloys. The heat treatment before and between hot rolling steps dissolved 
many second-phase particles. Mg0.3Ca, Mg6Al, Mg0.1Sr, Mg0.1Zr, Mg0.3Si contained some second 
phase particles. The second-phase particles of the hot-rolled Mg alloys were distributed relative 
homogeneously in the matrix.  
3.2 LISTs 
   Fig. 1 presents typical potential drop data for hot-rolled Mg1Mn, Mg5Sn, Mg6Al and Mg5Gd tested 
in air, and in distilled water. For small applied stresses, the potential of the specimen was almost 
constant with increasing stress, attributed to there being little deformation. For each specimen, at a 
particular stress, there was a significant change in potential drop. This stress was identified as the onset 
of yielding or the initiation of stress corrosion cracking. Thereafter, the potential drop curves had 
various shapes. The curve for Mg6Al tested in air was similar to potential drop curves measured 
previously for Mg alloys [20] and showed increasing potential drop with increasing stress, attributed to 
deceased section and increased specimen gauge length. Many of the potential drop curves were like 
that for Mg5Gd tested in air. There was a significant change of potential start at the stress identified as 
the yield stress. As the stress increased further, the potential first increased as the stress increased for a 
small stress increase, and then the potential was nearly constant with increasing stress, until a final 
sharp increase, attributed to the final fracture process. 
 
Fig. 1 Typical plots of potential drop (mV) vs. applied engineering stress (MPa) for hot-rolled Mg1Mn, Mg5Sn, Mg6Al and 
Mg5Gd specimens subjected to LIST in air or in distilled water (DW) at the stated applied stress rates. 
Fig. 1 shows that there was little difference of the yield stress or threshold stress for the specimens 
tested in air and in distilled water for each alloy. There was also little difference of ultimate tensile 
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stress for the specimens tested in air and in distilled water, for Mg6Al and Mg5Gd. The ultimate tensile 
stress decreased somewhat for Mg5Sn tested in distilled water at 1.8 × 10
-3
 MPa s
-1
 compared with that 
tested in air at 1.8 × 10
-2
 MPa s
-1
.  For Mg1Mn, the ultimate tensile stress decreased considerably for 
the specimen tested in distilled water at 1.9 × 10
-3
 MPa s
-1
 compared with that tested in air at 1.8 × 10
-2
 
MPa s
-1
. 
  Table 2 presents all the LIST results for the hot-rolled Mg-X alloys at the two applied stress rates, in 
air and in distilled water (DW). 
 
Table 2 LIST results for hot-rolled Mg0.1Zr, Mg0.1Sr, Mg1Mn, Mg0.3Si, Mg5Sn, Mg0.7La, Mg0.9Ce, Mg0.6Nd, Mg6Al, 
Mg5Gd and Mg0.3Ca in air and in distilled water (DW). 
Specimen Environment 
Stress Rate 
(MPa s-1) 
σy or σth 
(MPa) 
σUTS  
(MPa) 
RA  
(%) 
ef 
(%) 
Iy(th) IUTS 
Mg0.1Zr 
Air 
1.8 × 10
-2
 84 96 10 5 
  
1.9 × 10
-2
 68 94 9 6 
DW 
1.9 × 10
-3
 71 75 5 5 
0.95 0.85 
2.1× 10
-3
 73 86 6 6 
         Mg0.1Sr 
Air 
1.8 × 10
-2
 89 98 4 8 
  
2.0 × 10
-2
 93 99 4 5 
DW 
1.8 × 10
-3
 78 115 4 7 
0.86 0.98 
1.8 × 10
-3
 78 79 4 7 
         Mg1Mn 
Air 
1.8 × 10
-2
 86 138 7 6 
  1.9 × 10
-2
 83 128 7 6 
1.9 × 10
-2
 81 96 7 4 
DW 
1.9 × 10
-3
 - 82 7 5 
- 0.69 
1.9 × 10
-3
 - 85 9 5 
         Mg0.3Si 
Air 
2.5 × 10
-2
 83 129 5 5 
  
2.4 × 10
-2
 75 123 5 5 
DW 
2.4 × 10
-3
 75 101 6 4 
0.94 0.79 
2.5 × 10
-3
 74 98 3 4 
         Mg5Sn 
Air 
1.8 × 10
-2
 90 158 6 7 
  
1.8 × 10
-2
 92 154 4 7 
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DW 
1.8 × 10
-3
 87 135 3 6 
0.98 0.88 
1.8 × 10
-3
 91 138 6 7 
         
Mg0.7La 
Air 
2.5 × 10-2 155 177 17 14 
  2.8 × 10-2 - 131 11 11 
2.4 × 10-2 - 137 15 8 
DW 
2.5 × 10-3 - 119 16 8 
- 0.77 2.5 × 10-3 - 105 17 11 
2.4 × 10-3 - 120 13 11 
         
Mg0.9Ce 
Air 
1.8 × 10
-2
 96 182 20 7 
  
1.8 × 10
-2
 87 190 14 6 
DW 
1.8 × 10
-3
 98 167 8 5 
1.11 0.89 
1.8 × 10
-3
 106 164 13 5 
                  
Mg0.6Nd 
Air 
1.8 × 10
-2
 97 183 25 6 
  
1.8 × 10
-2
 107 192 27 6 
DW 
1.9 × 10
-3
 100 178 23 5 
1.03 0.96 
1.9 × 10
-3
 110 183 20 4 
         
Mg6Al 
Air 
2.7 × 10
-2
 122 242 25 17 
  
2.5 × 10
-2
 133 250 31 17 
DW 
2.8 × 10
-3
 147 252 24 16 
1.06 0.94 
2.4 × 10
-3
 124 211 19 15 
         
Mg5Gd 
Air 
2.5 × 10
-2
 152 214 17 7 
  
2.5 × 10
-2
 137 252 10 4 
DW 
2.5 × 10
-3
 149 254 13 5 
0.98 1.07 
2.5 × 10
-3
 135 244 9 5 
         
Mg0.3Ca 
Air 
1.9 × 10
-2
 106 187 24 7 
  
1.9 × 10
-2
 101 176 18 7 
DW 
1.9 × 10
-3
 106 174 19 6 
1.04 0.96 
1.9 × 10
-3
 109 176 19 6 
DW 
1.8 × 10-4 105 166 10 6 
1.04 0.94 
1.8 × 10-4 110 176 17 7 
          
  Fig. 2 presents the yield stress or threshold stress (σy or σth) for each hot-rolled Mg-X alloy (except 
for Mg0.7La). For Mg0.1Zr, Mg0.1Sr, Mg0.3Si and Mg6Al, the yield stress in air (σy) was somewhat 
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larger than the yield stress or threshold stress (σy or σth) in DW. There was no obvious difference of 
theσy orσth in air and in DW for Mg5Sn, Mg0.9Ce, Mg0.6Nd, Mg5Gd and Mg0.3Ca. Mg6Al and 
Mg5Gd had the largest values of the yield stress in air (σy). 
  Fig. 3 presents the ultimate tensile stress (σUTS) for the hot-rolled Mg-X alloys. Mg6Al and Mg5Gd 
had the largest values of σUTS in air. Mg0.1Zr had the lowest value ofσUTS in air. For each alloy, 
except for Mg0.1Sr and Mg6Al, theσUTS was somewhat larger than theσUTS in DW. For Mg0.1Sr, the
σUTS in air was lower than that of in DW. For Mg6Al, there was no significant difference between the
σUTS in air and DW. 
 
Fig. 2 Yield stress or threshold stress for hot-rolled Mg-X specimens tested in air or DW at the specified applied stress rates. 
 
Fig. 3 Ultimate tensile stress of hot-rolled Mg-X specimens tested in air or DW at different stress rates. 
Fig. 4 presents the values of the susceptibility indices, Iy and IUTS, for the hot-rolled Mg-X alloys 
tested in DW. These values are also given in Table 2. Mg1Mn had the lowest values of IUTS, which was 
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0.69. For the other Mg-X alloys, the values of Iy and IUTS were all larger than 0.77. Table 2 also 
includes the values of Iy and IUTS for Mg0.3Ca at the applied stress rate of 1.8 × 10
-4 MPa s-1, which 
were similar with those at the applied stress rate of 1.9 × 10-3 MPa s-1. 
 
Fig. 4 Values of the susceptibility indices for hot-rolled Mg-X specimens tested in DW at the stress rate between (1.8-2.5) 
×10-3 MPa s-1. 
Fig. 5 presents a comparison of the value of each property parameter measured for each hot-rolled Mg-
X alloy compared with the value measured for the solution-heat-treated as-cast Mg alloys. Each 
comparison index value was normalised with respect to the value of same parameter measured for the 
solution-heat-treated as-cast Mg-Alloy. The data of the solution-heat-treated as-cast Mg-X alloys were 
from our previous research [20, 53]. The dotted line in Fig. 5 represents equality of the value for the 
hot-rolled Mg-X alloy and the solution-heat-treated as-cast Mg-X alloy. The corrosion data is for 
immersion tests at the open circuit potential in 3.5% NaCl solution saturated with Mg(OH)2 at 25 °C. 
 Fig. 5 shows the following. (i) Except for Mg1Mn and Mg0.7La, each hot-rolled Mg-X had a 
corrosion rate lower than the corresponding solution-heat-treated as-cast Mg-X alloy. The corrosion 
rates of hot-rolled Mg1Mn and Mg0.7La were higher than those for the corresponding solution-heat-
treated as-cast Mg1Mn and Mg0.7La. (ii) Each hot-rolled Mg-X alloy (except for Mg1Mn and 
Mg0.7La) had strengths (σy(th) andσUTS) higher than the corresponding solution-heat-treated as-cast 
Mg-X alloy. (iii) For Mg0.1Zr, Mg0.1Sr, Mg0.9Ce, Mg0.6Nd, Mg5Gd and Mg0.3Ca, the values of Iy 
and IUTS for the hot-rolled alloy were higher than the values of the corresponding solution-heat-treated 
as-cast Mg-X alloy, whereas for Mg1Mn, Mg0.3Si, Mg5Sn and Mg0.7La, the values of Iy and IUTS for 
the hot-rolled Mg-X alloy were lower than those of the corresponding solution-heat-treated as-cast Mg-
X alloy.  
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  Table 2 shows that the reduction in area, RA, for Mg0.1Zr, Mg0.1Sr, Mg1Mn, Mg0.3Si and Mg5Sn 
was less than 10%, while for the other Mg-X alloys, RA was between 10% and 30%.  The elongation at 
fracture, ef, for all the Mg-X alloys (except for Mg0.7La and Mg6Al) was less than 10%. For Mg0.7La 
and Mg6Al, ef was between 10% and 20%. Table 2 indicates that for each Mg-X alloy, there was little 
difference in the values of RA and ef between the specimens tested in air and in DW. 
 
Fig. 5 A comparison of the value of each property parameter measured for each hot-rolled Mg-X alloy compared with the 
value measured for the solution-heat-treated as-cast Mg alloys. Each comparison index value is evaluated as equal to (value 
of parameter measured for the hot-rolled Mg-X alloy)/(value of same parameter measured for the solution-heat-treated as-
cast Mg-Alloy).  
The corrosion rates were measured using immersion of the Mg-X alloy at the open circuit potential in 3.5% NaCl solution 
saturated with Mg(OH)2 at 25 °C. The yield stress and ultimate tensile stress were measured using LIST with the specimen 
in air, at an applied stress rate of 1.8-2.5 × 10-2 MPa s-1 for the hot-rolled Mg-X alloys, and 7.0 × 10-3 MPa s-1 for the 
solution heat-treated as-cast Mg-X alloys.  
The values of the susceptibility indices, Iy and IUTS, were based on LISTs in distilled water (DW) at an applied stress rate of 
1.8-2.5 × 10-3 MPa s-1 for the hot-rolled Mg-X alloys, and an applied stress rate of 7.0 × 10-4 MPa s-1 for the solution-heat-
treated as-cast Mg-X alloys. 
3.3 Surface appearance and fractography 
  Figs. 6 - 17 present typical fractography for each hot-rolled Mg-X alloy tested in air and in DW. The 
fractography shows that cracking for each alloy was trans-granular cracking. The fracture surface of the 
specimen, in most cases, contained several facets as a result of the joining of trans-granular cracks that 
grew separately. There was no obvious SCC area in the fracture surface tested in DW for each Mg-X 
alloy. 
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  Fig. 6 presents the fractography for the hot-rolled Mg0.1Zr alloy. Fig. 6(a) shows that the fracture 
surface of Mg0.1Zr tested in air, at a stress rate of 1.8 × 10-2 MPa s-1, consisted of some features 
consistent with smooth trans-granular cracking as shown in Fig. 6(b) and rough trans-granular cracking 
as shown in Fig. 6(c). Figs. 6(d), (e) and (f) show the facture surface of Mg0.1Zr tested in DW at a 
stress rate of 1.9 × 10-3 MPa s-1, consisted of similar features as those of the specimen tested in air. Fig. 
6(e) shows the smooth trans-granular cracking feature and Fig. 6(f) shows the rough trans-granular 
cracking feature.  
 
Fig. 6 Fractography of hot-rolled Mg0.1Zr tested in: (a) (b) (c) air at 1.8 × 10-2 MPa s-1, (d) (e) (f) distilled water (DW) at 
1.9 × 10-3 MPa s-1.   
  Fig. 7 presents the surface appearance of hot-rolled Mg0.1Sr tested in air and in DW, at different 
applied stress rates. There was no obvious necking for both of the specimens tested in air and in DW as 
shown in Fig. 7(a) and (c). Fig 7(b) indicates that there were some minor surface cracks on the surface 
of Mg0.1Sr tested in air. However, the minor surface cracks could not be found on the surface of 
Mg0.1Sr tested in DW.  
  Fig. 8 presents the fractography of the hot-rolled Mg0.1Sr. There was no obvious difference between 
the Mg0.1Sr specimens tested in air and in DW. Fig. 8(a) and (d) show the overview of the fracture 
surface of Mg0.1Sr tested in air and in DW, respectively. For both specimens, the area near the gauge 
the surface showed the smooth trans-granular cracking as shown in Fig. 8(b) and (e); while the area in 
the centre of the specimen showed the rough trans-granular cracking feature as shown in Fig. 8(c) and 
(f). 
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  Fig. 7 Surface appearance of hot-rolled Mg0.1Sr specimens tested in: (a) (b) air at 1.8 × 10-2 MPa s-1, (c) distilled water 
(DW) at 1.8 × 10-3 MPa s-1. 
 
Fig. 8 Fractography of hot-rolled Mg0.1Sr tested in: (a) (b) (c) air at 1.8 × 10-2 MPa s-1, (d) (e) (f) DW at 1.8 × 10-3 MPa s-1. 
 
Fig. 9 Fractography of hot-rolled Mg1Mn tested in: (a) (b) (c) air at 1.9 × 10-2 MPa s-1, (d) (e) (f) DW at 1.9 × 10-3 MPa s-1. 
Fig. 9 presents the fractography for the hot-rolled Mg1Mn. Fig. 9(a) shows the fracture surface of 
Mg1Mn tested in air, which included the smooth trans-granular cracking feature (Fig. 9(b)) and the 
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rough trans-granular cracking feature (Fig. 9(c)). Fig. 9(d) shows the fracture surface of Mg1Mn tested 
in DW, which consisted of smooth and rough trans-granular cracking features (Fig. 9(e) and (f)).  Fig. 
10 presents the fractography for hot-rolled Mg0.3Si. Fig. 10(a) shows an overview of the fracture 
surface of Mg0.3Si tested in air at a stress rate of 2.5 × 10-2 MPa s-1, which consisted of the smooth 
trans-granular cracking feature (Fig. 10(b)) and some rough trans-granular cracking features (Fig. 
10(c)). Fig. 10(d) shows an overview of the facture surface of Mg0.3Si tested in DW at a stress rate of 
2.5 × 10-3 MPa s-1. The areas close to the gauge surface showed the smooth trans-granular cracking 
feature as shown in Fig. 10(e) and (f); while the area near the centre of the specimen showed the rough 
trans-granular cracking feature.  
  Fig. 11 presents the fractography for hot-rolled Mg5Sn. Fig. 11(a) shows the fracture surface of 
Mg5Sn tested in air, which consisted of smooth trans-granular cracking feature near the gauge surface 
(Fig. 11(b)) and the rough trans-granular cracking feature (Fig. 11(c)). Fig. 11 (d) shows the facture 
surface of Mg5Sn tested in DW, which consisted of the relatively smooth trans-granular cracking 
feature (Fig. 11(e)) and dimples (Fig. 11(f)). 
 Fig. 12 presents the fractography for hot-rolled Mg0.7La. Fig. 12(a) shows the overview fracture 
surface of Mg0.7La tested in air at 2.4 × 10-2 MPa s-1. Fig. 12(a) shows that the area close to the gauge 
surface suffered trans-granular cracking and presented a smooth fracture surface. Fig. 12(c) shows the 
facture surface of Mg0.7La tested in DW, which consisted of the smooth trans-granular cracking 
feature (Fig. 12(d)) and dimples (Fig. 12(e)), which was similar with that of Mg5Sn tested in DW. 
 
Fig. 10 Fractography of hot-rolled Mg0.3Si tested in: (a) (b) (c) air at 2.5 × 10-2 MPa s-1, (d) (e) (f) DW at 2.5 × 10-3 MPa s-
1. 
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Fig. 11 Fractography of hot-rolled Mg5Sn tested in: (a) (b) (c) air at 1.8 × 10-2 MPa s-1, (d) (e) (f) DW at 1.8 × 10-3 MPa s-1. 
   Fig. 13 presents the fractography for hot-rolled Mg0.9Ce. There was no obvious difference between 
the Mg0.9Ce specimens tested in air and in DW. Fig. 13(a) and (c) show the overview of the fracture 
surface of Mg0.9Ce tested in air and in DW, respectively. For both specimens, the area near the gauge 
the surface showed the smooth trans-granular cracking feature as shown in Fig. 13(b) and (d).  
Fig. 14 shows the fracture surface of hot-rolled Mg0.6Nd. The smooth facet of the Mg0.6Nd 
specimen tested in air contained two kinds of trans-granular features as shown in Fig. 14(b) and (c). 
Fig. 14(d) shows the facture surface of Mg0.6Nd tested in DW, which consisted of the smooth trans-
granular cracking feature (Fig. 14(e)) and the rough trans-granular feature (Fig. 14(f)). 
 
Fig. 12 Fractography of hot-rolled Mg0.7La tested in: (a) (b) (c) air at 2.4 × 10-2 MPa s-1, (d) (e) (f) DW at 2.5 × 10-3 MPa s-
1. 
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Fig. 13 Fractography of hot-rolled Mg0.9Ce tested in: (a) (b) air at 1.8 × 10-2 MPa s-1, (c) (d) DW at 1.8 × 10-3 MPa s-1. 
    Fig. 15 presents the fractography for hot-rolled Mg6Al. Fig. 15(a) shows the overview fracture 
surface of Mg6Al tested in air, which consisted of the relatively smooth trans-granular cracking feature 
(Fig. 15(b)) and the overload fracture, which contained dimples (Fig. 15(c)).  Fig. 15(c) shows the 
overview fracture surface of Mg6Al tested in DW. Most parts of the fracture surface showed the 
smooth features as shown in Fig. 15(e) and (f). 
  Fig. 16 shows the surface appearance of hot-rolled Mg5Gd. Fig. 16(a) shows the overview fracture 
surface of Mg5Gd tested in air, which consisted of only one shear facet. The typical fracture feature is 
shown in Fig 16(b), which was the rough trans-granular cracking feature. Fig. 16(c) shows the 
overview fracture of Mg5Gd tested in DW, which consisted of two facets. At the edge of the gauge 
surface, there were some smooth trans-granular cracking features as shown in Fig. 16(d). The back 
scatted image of a typical area as shown in Fig. 16(e) indicated the second phase particles distributed 
homogeneously on the fracture surface.  
Fig. 17 shows the fracture surface of hot-rolled Mg0.3Ca. Fig. 17(a) shows the overview fracture 
surface of Mg0.3Ca tested in air at stress rate 1.9 × 10-2 MPa s-1 and Fig. 17(b) shows the overview 
fracture surface of Mg0.3Ca tested in DW at stress rate 1.9 × 10-3 MPa s-1. Fig. 17(c) shows the 
overview fracture surface of Mg0.3Ca tested in DW at the lowest stress rate 1.9 × 10-4 MPa s-1, which 
was not undertaken for other hot-rolled Mg-X alloys. There was no obvious difference between the 
Mg0.3Ca specimens tested in air or DW at the different applied stress rates, which consisted of the 
smooth trans-granular stress cracking feature near the gauge surface as shown in Fig. 17(b), (e) and (h), 
and the rough trans-granular stress cracking feature as shown in Fig. 17(c), (f) and (i). 
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Fig.14 Fractography of hot-rolled Mg0.6Nd tested in: (a) (b) (c) air at 1.8 × 10-2 MPa s-1, (d)(e) (f) DW at 1.9 × 10-3 MPa s-1. 
 
Fig. 15 Fractography of hot-rolled Mg6Al tested in: (a) (b) (c) air at 2.5 × 10-2 MPa s-1, (d) (e) (f) DW at 2.8 × 10-3 MPa s-1. 
  
 
Fig. 16 Fractography of hot-rolled Mg5Gd tested in: (a) (b) air at 2.5 × 10-2 MPa s-1, (c) (d) (e) DW at 2.5 × 10-3 MPa s-1. 
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Fig. 17 Fractography of hot-rolled Mg0.3Ca tested in: (a) (b) (c) air at 1.9 × 10-2 MPa s-1, (d) (e) (f) DW at 1.9 × 10-3 MPa s-
1, (g) (h) (i) DW at 1.8 × 10-4 MPa s-1. 
4. Discussion 
4.1 Corrosion behaviour and mechanical properties 
  Our previous research [4] indicated that the corrosion rate of the Mg-X (X = Sr, Mn, Sn, La, Ce, Nd, 
Gd and Ca) alloys decreased after hot rolling; that is the corrosion rate of the hot-rolled Mg-X alloy 
was lower than that of as-cast Mg-X alloys for immersion at the open circuit potential in 3.5% NaCl 
solution saturated with Mg(OH)2 at 25 °C. The improvement of corrosion resistance was attributed to 
fine-grained alloys having a more (i) homogeneous microstructure, (ii) fewer, smaller second-phase 
particles than the as-cast Mg-X alloy, and (iii) probably the hot-rolled specimens had a more protective 
film on the surface. For Mg0.1Zr and Mg0.3Si, the corrosion rate increased after hot rolling. These 
alloys probably had a greater sensitivity to the precipitation of deleterious Fe-rich particles. 
Fig. 5 compares the corrosion rate for immersion at the open circuit potential in 3.5% NaCl solution 
saturated with Mg(OH)2 at 25 °C of the hot-rolled Mg-X alloys with the corrosion rate of the 
corresponding solution heat-treated as-cast Mg-X alloys. That is the comparison with the as-cast Mg-X 
alloys after solution-heat-treatment. Fig. 5 indicates that the corrosion rate of the hot-rolled Mg-X alloy 
(X = Zr, Sr, Si, Sn, Ce, Nd, Gd and Ca) was lower than that of the corresponding solution heat-treated 
as-cast Mg-X alloy. The corroded surface, as detailed in [4], indicated that the lower corrosion rates of 
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the hot-rolled Mg-X alloys could be attributed to the more homogeneous microstructure, fewer second 
phase particles and a more protective surface film. An additional factor is the crystal texture resulting 
from the hot-rolling. It has been reported that a hot-rolled or a mechanically burnished surface mainly 
consists of the close-packed plane, which is more corrosion resistant than the other crystal planes [41, 
44-46, 52, 54, 55]. However, the hot-rolled Mg1Mn and Mg0.7La had a higher corrosion rate than the 
solution heat-treated as-cast alloys as shown in Fig. 5. It was attributed to the fact that the solution-
heat-treatment process dissolved most second phase particles and reduced the micro-galvanic corrosion. 
 Table 2 presents the mechanical properties for the Mg-X alloys for the different testing conditions. For 
each of Mg0.1Zr, Mg0.1Sr, Mg1Mn, Mg0.3Si and Mg5Sn, the plastic deformation was small as 
indicated by reduction in area, RA, and the elongation to fracture, ef. For Mg0.7La, Mg0.9Ce, Mg0.6Nd, 
Mg6Al, Mg5Gd and Mg0.3, the plastic deformation was somewhat larger and there was necking of the 
specimen. For each Mg-X alloy, there was no obvious difference of the amount of plastic deformation 
between the specimen tested in air and DW.  
  Figs. 2 and 3 indicate that different alloys had different values ofσy and σUTS. For example, Mg6Al 
and Mg5Gd had the relatively high values ofσy (σth) and σUTS for each test environment, whilst 
Mg0.1Zr had low values ofσy (σth) and σUTS. The different alloying elements had different solid 
solution strengthening influences on the mechanical properties of the Mg-X alloys. 
Fig. 5 presents a comparison of the mechanical properties between the hot-rolled Mg-X alloys and the 
corresponding solution-heat-treated as-cast Mg-X alloys. This indicated that theσy (σth) and σUTS of 
each of the hot rolled Mg-X alloys was larger than that of the corresponding solution-heat-treated as-
cast Mg-X alloy, except forσUTS of Mg1Mn tested in air. The improvement of the strength was 
attributed to the grain refinement during the hot rolling process. The exception of Mg1Mn was 
probably caused by some defects in the hot-rolled specimen.  
4.2 SCC susceptibility 
  The SCC susceptibility indices (Iy and IUTS) were calculated based on the mechanical property values 
measured from LISTs in the environment (DW) compared to their corresponding values in the inert 
environment (air) using Eqs. (2) and (3), in order to quantify the SCC susceptibility of the alloys. 
  Table 2 and Fig. 4 present the SCC susceptibility indices for each Mg-X alloy. The susceptibility 
indices indicates that: (i) Mg0.6Nd, Mg6Al, Mg5Gd and Mg0.3Ca suffered almost no stress corrosion 
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cracking in DW; (ii) Mg0.1Zr, Mg0.1Sr, Mg0.3Si, Mg5Sn and Mg0.9Ce may have suffered some stress 
corrosion cracking in DW; and (iii) Mg1Mn and Mg0.7La may have suffered medium stress corrosion 
cracking, in that there was a decrease in the susceptibility index related to UTS, namely IUTS = 0.7. It 
was worth pointing out that Mg0.3Si, Mg0.7La, Mg6Al and Mg5Gd were tested in air at ~2.5 × 10-2 
MPa s-1 and tested in DW at ~2.5 × 10-2 MPa s-1, which was somewhat larger than the corresponding 
stress rate (~1.8 × 10-2 MPa s-1 or ~1.8 × 10-3 MPa s-1) for Mg0.1Zr, Mg0.1Sr, Mg1Mn, Mg5Sn, 
Mg0.9Ce, Mg0.6Nd and Mg0.3Ca due to the difference of cross-section area. However, it is still 
valuable to make a comparison of SCC susceptibility between these Mg-X alloys as such small 
difference of stress rate would not be expected to cause a significant difference on the SCC behaviour.  
 Fig. 5 includes the comparison of the SCC susceptibility indices between the hot-rolled Mg-X alloy 
and the corresponding solution-heat-treated as-cast Mg-X alloy. It shows that the hot-rolled Mg1Mn, 
Mg0.3Si, Mg5Sn and Mg0.7La had a value of SCC susceptibility index, IUTS, lower than that of the 
corresponding solution-heat-treated as-cast alloy. The hot-rolled Mg0.1Zr, Mg0.1Sr, Mg0.9Ce, 
Mg0.6Nd, Mg5Gd and Mg0.3Ca had a higher value of SCC susceptibility index, IUTS, than that of the 
corresponding solution-heat-treated as-cast Mg-X alloy, which indicated that these hot-rolled Mg-X 
alloys had a better SCC corrosion resistance in DW than the solution-heat-treated as-cast alloys.  For 
hot-rolled Mg0.3Ca, the LIST test in DW at even lower stress rate 1.8 × 10-4 MPa s-1 was carried out to 
further study the SCC behaviour as in our previous research [20] the solution-heat-treated as-cast 
Mg0.3Ca was very susceptible to SCC in DW at 7.4 × 10-4 MPa s-1  and at 7.4 × 10-5 MPa s-1. Table 2 
indicates that there was no difference of SCC behaviour between the hot-rolled Mg0.3Ca specimens 
tested at 1.9 × 10-3 MPa s-1 and 1.8 × 10-4 MPa s-1. In other words, the stress rate did not influence the 
SCC behaviour in DW of hot-rolled Mg0.3Ca. It was also worth pointing out that the hot-rolled Mg-X 
alloys were tested in air at (1.8-2.5) × 10-2 MPa s-1 and tested in DW at (1.8-2.5) × 10-3 MPa s-1, which 
was somewhat larger than the corresponding stress rate (~7.0 × 10-3 MPa s-1 or ~7.0 × 10-4 MPa s-1) for 
the solution heat-treated as-cast Mg-X alloys. It was because the LIST specimens of the hot-rolled Mg-
X alloy were flat tensile specimens, which were cut from the hot-rolled sheets. They had a smaller 
cross-section area than that of solution heat-treated as-cast Mg-X specimens cut from the cylindrical 
ingot. Therefore, the applied stress rate of the hot-rolled Mg-X alloy was larger than that of the solution 
heat-treated as-cast Mg-X alloy as the movement rate of the mass in the LIST apparatus was the same. 
However, it is still valuable to make a comparison of SCC susceptibility between these two Mg-X 
alloys as the difference of stress rate was small and would not be expected to cause a significant 
difference on the SCC behaviour. 
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4.3 Influence of hot rolling   
  Table 2 indicated the hot-rolled Mg-X alloys (except for Mg1Mn and Mg0.7La) had a relative high 
value of the SCC susceptibility indices, which indicated that each of these wrought Mg-X alloys had 
high SCC resistance. The hot rolled Mg1Mn and Mg0.7La had relatively lower values of the 
susceptibility index, IUTS, which indicated relatively lower SCC resistance in DW. These values should 
be compared with commercial Mg alloys that had values of the susceptibility index as low as 0.5 [19]. 
Furthermore, for Mg1Mn and Mg0.7La, there was a large difference between the values of σUTS for the 
specimens tested in air. As a result, the experimental error was probably large for the susceptibility 
indices for Mg1Mn and Mg0.7La, which means that the SCC resistance in DW may be better than that 
indicated by IUTS. 
  As the SCC behaviour is strongly related to the microstructure, the high SCC resistance of these Mg-
X alloys was attributed to the improvement of microstructure by hot rolling, especially the grain 
refinement. The hot rolling may influence the SCC behaviour through the following aspects. (i) The hot 
rolling homogenized the microstructure, which reduced the occurrence of stress concentrations at the 
micro-scale. Therefore, the threshold stress of crack initiation was increased. (ii) Grain refinement due 
to recrystallization during hot rolling provided many more grain boundaries, which dissolved more 
second phase particles due to the seriously distorted lattice [41, 46]. Second phase particles could act as 
effective cathodes and cause micro-galvanic corrosion, which is harmful for the SCC resistance by 
providing the entrance for hydrogen atom and reducing the cross area. (iii) The homogenized 
microstructure of the hot-rolled Mg-X alloys may have resulted in a more protective film, which 
hindered the ingress of hydrogen atoms. (iv) The hot rolling process reduced the harmful influence of 
casting porosity on SCC resistance by compacting the pores. (v) The hot rolled alloys have crystal 
texture with close-packed plane parallel to the tensile direction [41, 44-46, 52, 54] resulting in a higher 
SCC threshold.   
  Fig. 5 includes the comparison of SCC behaviour between the hot-rolled Mg-X alloys and the 
solution-heat-treated as-cast Mg-X alloys. For Mg0.1Zr, Mg0.1Sr, Mg0.9Ce, Mg0.6Nd, Mg5Gd and 
Mg0.3Ca, the hot-rolled alloys had a better SCC resistance than the solution-heat-treated alloys, which 
was also attributed to the influence of hot rolling as indicated in the previous paragraph (i to iv). For 
Mg0.3Si and Mg5Sn, the solution-heat-treated as-cast alloys had a slightly better SCC resistance than 
the hot-rolled alloys. One possible reason was that the solution-heat-treated as-cast Mg0.3Si and 
Mg5Sn had high SCC resistance, which may reach the limit of the Mg alloys. Therefore, hot rolling 
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could not improve the SCC resistance of Mg0.3Si and Mg5Sn. For Mg1Mn and Mg0.7La, the-solution 
heat-treated as-cast alloys had a better SCC resistance than the hot-rolled alloys. It was probable that 
the solution-heat-treated Mg1Mn and Mg0.7La had a more protective film or had less second phase 
than the hot-rolled alloys, as indicated by the comparison of corrosion behaviour in Fig. 5. 
4.4 Fractography  
  Figs. 6 - 17 present the fractography of each hot-rolled Mg-X alloy tested in air and distilled water 
(DW). There was no obvious difference of the fractography between the specimens tested in air and in 
DW for each hot-rolled Mg-X, even for Mg1Mn and Mg0.7La. All the hot-rolled specimens tested in 
this study cracked through trans-granular cracking, presenting either smooth trans-granular features or 
rough trans-granular features. It was worth pointing out that the smooth trans-granular feature was not 
the typical SCC feature as it also occurred on the specimen tested in air at a fast stress rate. The 
specimen tested in air at such a fast stress rate (1.8 × 10-2 MPa s-1) was immune to SCC. The fracture of 
all the specimens was a combination effect of tensile stress and shear stress. 
  In our previous research [20], the solution-heat-treated as-cast Mg0.1Zr, Mg1Mn, Mg0.1Sr and 
Mg5Sn in DW presented inter-granular cracking and trans-granular cracking. The occurrence of inter-
granular cracking was attributed to the hydrogen trapping of grain boundaries and the large grain size. 
The absence of inter-granular cracking of these hot-rolled Mg-X alloy was probably attributed to the 
small size grain and the homogeneous microstructure after hot rolling reducing the stress concentration 
at the grain boundaries. 
 
5. Conclusion 
1. The values ofσy andσUTS of all hot-rolled Mg-X alloys were larger than those of the corresponding 
solution-heat-treated as-cast alloys, except forσUTS of Mg1Mn tested in air. The improvement was 
attributed to the grain refinement, and also possibly the crystal texture resulting from hot rolling. 
2. All the hot-rolled Mg-X alloys (except for Mg1Mn and Mg0.7La) had little SCC susceptibility in 
distilled water (DW), whereas the hot rolled Mg1Mn and Mg0.7La had some SCC susceptibility in 
DW.  
3. There was no obvious difference of the fractography between the specimens tested in air and in DW 
for each hot-rolled Mg-X alloy. All the hot-rolled alloys in this study cracked through trans-granular 
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cracking, presenting either smooth trans-granular feature or rough trans-granular feature, as a 
combination result of tensile stress and shear stress. 
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Chapter 8 Conclusions and future work 
8.1 Conclusions and summary 
  The project is aimed at improving the resistance of corrosion and stress corrosion cracking (SCC) 
of Mg and Mg alloys.  Corrosion and SCC are major issues if Mg alloys are to be used in a stressed 
application in the presence of water or aqueous solutions.  The research focused on a series of 
binary Mg-X alloys (Mg1Mn, Mg5Sn, Mg0.3Ca, Mg6Al, Mg0.1Zr, Mg0.3Si, Mg0.1Sr, Mg0.6Nd, 
Mg5Gd, Mg0.7La, Mg5Y, Mg5Zn and Mg0.9Ce).These alloying elements are chosen as (i) there is 
some indication in the literature that small amount of these element adding into pure Mg may help 
form protective film on the surface; (ii) They may affect the diffusion of hydrogen in the alloy 
significantly and thus improve the SCC resistance; (iii) They are cost effective ones. 
  The main tasks were as the following: 
1. Investigate the corrosion behaviour and mechanism of ultra-high purity Mg to clarify the 
role of impurity level on corrosion. 
2. Investigate the corrosion (such as the film status during the test) and corrosion mechanism 
of Mg-X alloys (Mg1Mn, Mg5Sn, Mg0.3Ca, Mg5Zn, Mg6Al, Mg0.1Zr, Mg0.3Si and 
Mg0.1Sr) in 3.5% NaCl saturated with Mg(OH)2.  
3. Study the influence of hot rolling on the corrosion of hot rolled Mg alloys (Mg1Mn, Mg5Sn, 
Mg0.3Ca, Mg6Al, Mg0.1Zr, Mg0.3Si, Mg0.1Sr, Mg0.6Nd, Mg5Gd, Mg0.7La and Mg0.9Ce) 
in 3.5% NaCl saturated with Mg(OH)2. 
4. Study the influence of casting porosity on the corrosion behaviour and film status of Mg. 
5. Study the factors (alloying element and stress level) affecting SCC and SCC mechanism by 
evaluating the SCC behaviour of solution heat-treated Mg-X alloys. 
6. Based on the previous study on SCC mechanism, further investigation using the hot-rolled 
Mg-X alloys were carried out to have a deeper understanding on the SCC mechanism of Mg 
alloys. 
  At the start of my PhD, I did a literature survey on the corrosion of Mg and found that the 
impurities played a significant role on the corrosion of Mg. It was indicated that for solution-heat-
treated Mg, the tolerance limit of Fe was ~2 ppm, above which the corrosion rate increased 
dramatically. At that period, our institute could not produce the ultra-high purity Mg, which 
contained less than 2 ppm Fe. However, it was important for us to know the corrosion behaviour of 
a ultra-high purity Mg to see whether the impurity level was a dominant factor contributing to the 
high corrosion rate of Mg. At this moment, Joelle Hofstetter and Peter J. Uggowitzer from 
Switzerland provided their ultra-high-purity Mg produced by distilling. From their report, the Fe 
content was less 2 ppm. We carried out the experiment on the corrosion behaviour of this ultra-high 
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purity Mg. The immersion test was used to evaluate the corrosion rate of the Mg. The corrosion rate 
calculated based on the weight loss (PW), hydrogen evaluation volume (PAH), polarization curves 
(Pi) and electrochemistry impedance spectra (Pi,EIS).  
Electrochemical impedance spectra (EIS) were measured daily in the frequency range from 987 
kHz to 10 mHz with an AC amplitude of 8 mV. The polarisation resistance, RP, was measured as 
the resistance at the lowest frequency (Note, this evaluation of RP did not include the solution 
resistance Rs [1]). The corrosion current density, icorr/EIS (mA cm
-2
) was derived from the 
polarisation resistance, RP, the slope of the cathodic polarisation curve, using [1-3]: 
icorr/EIS = 
    
     (     )
 =
 
  
                                                                                        (1) 
where βc is the slope of the cathodic polarisation curve, and βa is the slope of the anodic polarisation 
curve. The values of βc and βa were evaluated from the polarisation curves.  
The corrosion rate, Pi,EIS (mm y
-1
), was determined from the corrosion current density, icorr/EIS (mA 
cm
-2
) using: 
Pi,EIS = 22.85 icorr/EIS     (2) 
  It took several months for us to finish the experiment and found that the corrosion rate of the ultra-
high purity Mg was only slightly smaller than that of the high-purity Mg. The corrosion resistance 
was not good enough for wide applications. On the other hand, it indicated that removing the 
impurities was not enough to obtain a good corrosion resistance Mg. Therefore, we tried to add 
some alloying elements into the Mg when we added the Zr to remove the impurity Fe to improve 
the corrosion resistance of Mg, and the resistance of SCC if possible. We expected that these 
alloying elements may help form protective film on the surface. The alloying element was expected 
to play the same role as that of Cr in stainless steel. However, the results showed that all binary Mg-
X alloys had a higher corrosion rate than the high purity Mg. Except for Mg1Mn, the other alloys 
all suffered serious localized corrosion. The Mg1Mn suffered uniform corrosion and had a relative 
low corrosion rate. We spend about six months to find the reason why the binary alloy had such a 
high corrosion rate. Finally, we could not find direct evidence. But we found that the second phase 
particles acted as effective cathode, and might be the reason.  
In addition, it was found that PAH was in good agreement with PW when the corrosion rate of the 
Mg alloy was substantial, (i.e. was above 2 mm y
-1
), such as some binary Mg-X alloys as shown in 
Figs. 13a and 13c in chapter 3. However, for the ultra-high Mg, high purity Mg and solution heat-
treated Mg1Mn, the corrosion rate was less than 2 mm y
-1 
and PAH was less than PW. It was 
attributed to some hydrogen dissolving into the Mg alloy specimen and not being evolved as 
gaseous hydrogen. The amount of hydrogen dissolved into these specimens with low corrosion rate 
caused substantial difference between PAH and PW as the total volume of the evolved hydrogen 
during the test was low. However, the similar amount of dissolved hydrogen caused a little 
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difference between PAH and PW to the specimens with high corrosion rate as the total volume of the 
evolved hydrogen during the immersion test is large. It was also possible related to the formation of 
magnesium hydride. However, there was no experimental evidence in the current research to 
confirm it.  
  As indicated in the literature, hot rolling can homogenize the microstructure and reduce the grain 
size by recrystallization. Grain boundaries were serious distorted lattice and could dissolve second 
phase particles. Therefore, the Mg-X alloys were hot rolled and their corrosion behaviour was 
evaluated in the same solution as the as-cast and solution-heat-treated Mg-X alloys. It was found 
that the corrosion resistance of all Mg-X alloys (except for Mg0.1Zr and Mg0.3Si) were improved 
by hot rolling. They suffered uniform corrosion rather than serious localized corrosion. However, 
the corrosion rate of the hotrolled Mg-X alloys was still higher than that of the high-purity Mg. 
  Along with doing the immersion test to evaluate the corrosion behaviour of Mg-X alloys, the LIST 
experiments were also operated to evaluate the SCC behaviour of solution-heat-treated Mg-X alloys. 
We expected that the protective film, which may be produced by the help of the alloying elements, 
could improve the SCC resistance. Furthermore, small alloying elements may affect the diffusion of 
hydrogen in the alloy, and thus improve the SCC resistance. We spent more than one year on it and 
found that all these binary alloys had better SCC resistance than the commercial Mg-Al-Zn alloys. 
The SCC resistance was related to the type of alloying elements, stress rate and environment. The 
solution-heat-treated Mg5Zn and Mg0.3Ca were very susceptible to SCC in the distilled water. It 
was also found that the casting defect serious influenced the SCC behaviour of these Mg-X alloys. 
  From the SCC test of solution-heat-treated Mg-X alloys, we found casting porosity was a 
significant factor which influenced the SCC behaviour of Mg alloy. Then we wanted to have a 
deeper understand on the influence of casting porosity not only on the SCC behaviour but also the 
corrosion behaviour of Mg. The experiment started with the immersion test to know influence of 
casting porosity on the film breakdown and corrosion rate. Due to the limited time, we selected 
Mg0.1Si as the model alloy. The results indicated that the casting porosity increased the corrosion 
rate significantly not only by the increase of the specimen area. It activated the corrosion of the 
whole specimen during the immersion test and broke the film seriously. 
  The SCC behaviour of the solution-heat-treated Mg-X alloys did not reach our expectation that 
they were immune to SCC. There Mg-X alloys were hot rolled as hot rolling can homogenize the 
microstructure, dissolve the second phase particles and compact the casting porosity. The 
improvement of microstructure by hot rolling was expected to improve the SCC resistance 
considerably. The results showed that hot-rolled Mg-X alloys had better mechanical properties, and 
improved the SCC resistance of some Mg-X alloys. 
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  All in all, the past three and half years, the corrosion behaviour and SCC behaviour of Mg alloys 
have been studied. The conclusions are as follows: 
1. The corrosion of ultra-high purity Mg was generally uniform corrosion with an average 
corrosion rate PAW = 0.25 ± 0.07 mm y
-1
, which was slightly smaller than that of high-purity 
Mg. 
2. The corrosion rate of all solution-heat-treated Mg-X alloys was faster than that of high-
purity Mg. There was evidence that the influence of the alloying for the solution-heat-treated 
Mg–X alloys was by the mechanism of micro-galvanic corrosion caused by the particles. 
3. Hot rolling homogenized the microstructure of the Mg–X alloys, reduced the grain size 
significantly, and there were fewer, smaller second phase particles. 
4. The corrosion rate decreased after hot rolling for Mg5Gd, Mg5Al, Mg5Sn, Mg0.7La, 
Mg0.3Ca, Mg1Mn, Mg0.1Sr, Mg0.6Nd and Mg0.9Ce, attributed to the grain refinement and 
the presence of fewer, smaller, second phase particles. For Mg0.1Zr and Mg0.3Si, the 
corrosion rate increased after hot rolling. There were a number of possible reasons, one of 
which was a greater sensitivity to the precipitation of deleterious Fe rich particles. 
5. Specimen of solution heat-treated with casting porosity had corrosion rates significantly 
higher than specimens without casting porosity. The high corrosion rate of specimen with 
porosity was attributed to the influence of the pores, activating significant corrosion over the 
whole specimen surface, wherein important aspects were: (i) the breakdown of a partly 
protective surface film, and (ii) micro-galvanic acceleration of the corrosion by Fe-rich 
particles. 
6. The SCC susceptibility was related to the stress rate for all the solution heat-treated Mg-X 
alloys except Mg0.1Sr. The Mg0.1Zr, Mg1Mn, Mg0.3Si, Mg5Sn and Mg5Zn were more 
susceptible to SCC at the lower stress rate (7.0 × 10
-5
 MPa s
-1
), which was attributed to the 
low hydrogen diffusivity, and greater time for cracking. Only Mg0.3Ca was more 
susceptible to SCC under the relatively higher stress rate (7.4 × 10
-4
 MPa s
-1
). For Mg0.1Sr, 
the susceptibility was independent of stress rate.  
7. In DW at a stress rate of 7.0 × 10-4 MPa s-1, the solution heat-treated Mg0.3Si and Mg5Sn 
were immune to SCC; the solution heat-treated Mg0.1Zr, Mg1Mn and Mg0.1Sr suffered 
medium SCC; Mg5Zn and Mg0.3Ca suffered relatively serious SCC. In DW at ~7.0 × 10
-5
 
MPa s
-1
, Mg5Zn and Mg0.3Ca suffered serious trans-granular SCC, whilst the other Mg-X 
alloys suffered medium SCC. 
8. Some solution heat-treated specimens tested in DW preferred to crack at solute atoms, 
second phase particles, grain boundaries and defects, attributed to hydrogen trapping. 
Hydrogen atom played a significant role in the SCC behaviour of Mg alloys. 
-166-
9. The hot rolled Mg-X alloys (Mg0.1Zr, Mg0.1Sr, Mg0.3Si, Mg5Sn, Mg0.9Ce, Mg0.6Nd, 
Mg6Al, Mg5Gd and Mg0.3Ca) had good SCC good SCC resistance in DW, whereas the hot 
rolled Mg1Mn and Mg0.7La had acceptable SCC resistance in DW.  
10. The improvement of SCC resistance by hot rolling may through: (i) Increasing the threshold 
stress of cracking initiation through homogenizing the microstructure by hot rolling; (ii) 
Dissolving second phase particles by grain boundaries to reduce the micro-galvanic 
corrosion; (iii) Forming more protective film which hindered the ingress of hydrogen atoms. 
(iv) Reducing the harmful influence of casting porosity on SCC resistance. 
8.2 Future work 
  Although the results in this thesis provide some fundamentals in understanding and improving the 
resistance of corrosion and SCC of Mg alloys, further study is needed since a few questions/issues 
remain unsolved, as listed below: 
1. Following ton the results of influence of hot rolling on the corrosion behaviour of several 
binary Mg-X alloys, it is necessary to study the relationship between the corrosion 
properties and the crystallographic orientation of the hot-rolled Mg-X alloys to deepen 
discussion. In general, rolled Mg alloys develop strong basal texture; that is c-axis is parallel 
to the normal direction (ND) direction of rolled sheet, but it is known that the degree of 
basal texture in rolled sheet depends on alloying elements. Basal plane of Mg is the most 
close-packed plane that exhibit high corrosion resistance. 
2. Following on the results of influence of casting porosity on the corrosion behaviour of 
solution heat treated Mg0.1Si, it is important to study the casting porosity influence on the 
corrosion behaviour for the other Mg-X alloys. It is necessary to know the contribution of 
the casting porosity to the total corrosion for each alloy, and the influence on film forming 
and breaking during corrosion process. The expected results will be helpful for improving 
the corrosion resistance of Mg. 
3. It is also necessary to further study the influence of defects (such as casting porosity or slags) 
on the SCC of Mg alloys. Understanding the mechanism of the influence will be a 
significant step to improve the resistance of SCC behaviour of Mg alloy. 
4. Following on the LIST result, it is necessary to study the influence of hydrogen trapping on 
SCC behaviour by using thermal desorption spectrum (TDS). The expected results will be 
helpful for understanding the mechanism of SCC behaviour of Mg alloys. 
5. Following the LIST results of the hot rolled Mg-X alloy, it is necessary to do some LIST 
tests in aggressive environment (such as 3.5% NaCl solution) to understand the influence of 
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the corrosion product film on the SCC behaviour. It may provide some insightful ideas on 
improving the SCC resistance of Mg alloy.  
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